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Ultrafast optical pulses have been widely used in fundamental research, medical
and industrial applications. For example, ultrafast lasers are used for chemistry,
optical frequency metrology, terahertz generation, spectroscopy, multi-photon mi-
croscopy, optical coherence tomography, and micro-machining, etc.
Traditionally, solid-state lasers, which have been engineered for over 30 years,
dominate the market. Fiber lasers, as their competitors, oer several advantages
over the solid-state systems: compact size, excellent thermal management, high ef-
ciency, diraction-limited spatial quality and low cost. Therefore, ber lasers are
becoming more popular on the continuous-wave laser market. For pulsed opera-
tion, large net nonlinear eects due to the tight connement of the light in the core
and the long propagation distance have limited their performance. As a result, the
performance of pulsed ber lasers has lagged behind that of their solid-state coun-
terparts. In addition, product-scale adoption of high-performance ultrafast ber
lasers in industrial application is hindered by the lack of environmental-stability.
This thesis focuses on the study of pulse propagation in ber oscillators and
multimode bers, which aims to solve the above problems.
An environmentally-stable ber laser source based on cascaded Mamyshev re-
generation and the formation of parabolic pulses, which allows for at least an order
of magnitude increase in peak power and 6-fold increase in nonlinear phase accu-
mulation, is demonstrated experimentally. The outstanding performance, which is
 50 nJ and  40 fs, has also been boosted up to the comparable level as that of
the Ti:sapphire lasers. In addition, The combination of excellent performance with
the environmental stability make the Mamyshev oscillator extremely attractive for
applications.
To further improve the laser performance, multimode bers, which can oer
much larger mode eld diameter and complex spatio-temporal couplings, are stud-
ied. Remarkable phenomena such as beam clean-up and self-organized instability
in graded-index multimode bers are observed and explained. Understanding the
pulse propagation in those complex systems provides a route to further energy
scaling.
This thesis is not just limited to the generation of high-energy, short-duration,
coherent pulses. It also covers interesting nonlinear dynamics such as extreme
events in the all-normal dispersion ber oscillators. This may attract attention
from researchers in nonlinear systems and oceanography.
Finally, future directions are discussed.
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CHAPTER 1
INTRODUCTION
Ultrafast optics becomes a relatively new and rapidly growing eld after the
invention of mode-locked lasers, which impacts over both fundamental research as
well as industrial and medical applications. Major research areas include studies of
ultrafast phenomena in molecules or atoms [1], terahertz generation [2], frequency
comb [3], etc. Moreover, ultrashort pulses are also becoming more popular in
industrial and medical applications like micro-machining [4], multiphoton imaging
[5], coherent anti-Stoke Raman scattering (CARS) microscopy [6]. All the progress
in these elds requires and benets from the development of high-quality and low-
cost ultrashort pulse sources.
The Ti:sapphire solid-state laser produces intense femtosecond pulses at
800nm wavelength with strong peak power and short pulse duration [7, 8]. There-
fore, Ti:sapphire lasers can be found in many research laboratories worldwide and
remain the workhorse of ultrafast science. While they have undeniably great out-
put characteristics, these solid-state laser systems have many drawbacks such as
high cost, high complexity, large size, cooling requirement, and lack of environ-
mental stability. All of these factors prevent them from being widely used outside
of specialized laboratories.
Over the past thirty years, ber laser technology has advanced remarkably
and laser sources in the near-IR spectral region based on ytterbium, erbium and
thulium doped bers have already replaced solid-state lasers in many applications,
especially in the high average-power continuous-wave laser market. Compared with
solid-state lasers, ber lasers have the following advantages:
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 Cost eective: A large number of components used in ber lasers have been
previously developed for telecommunications, thereby signicantly reduce the
cost.
 High eciency: Using a doped-ber as the gain medium, which works well
for diode-pumping, gives a long interaction length between the pump and
signal. This geometry results in high photon conversion eciency, as well as
a rugged and compact design.
 High stability: When the ber components are spliced together, there are
no discrete components to adjust or to align. The ber laser/amplier also
requires no or minimal water cooling due to the ber's large surface-to-volume
ratio for ecient heat dissipation.
 High beam quality: Near Gaussian mode operation in single-mode bers.
 Robustness and compact: Since the light propagates entirely inside the op-
tical ber, which can be coiled to very small volume, ber laser systems are
signicantly more compact compared to solid-state lasers. Due to the nature
of optical ber, ber lasers do not require beam alignment and maintenance.
Even though ber lasers own numerous advantages, they still fall behind the
solid-state lasers when they are used to generate pulses. The output performance
of ultrafast ber laser, such as pulse duration, pulse energy and peak power, is
still below that of the mode-locked solid-state laser. The main challenges are large
group velocity dispersion and high nonlinearity. To overcome these obstacles, sev-
eral dierent ber oscillators and bers with larger mode eld area (LMA) have
been developed in the past three decades. Laser cavities such as soliton, dispersion-
managed soliton, passive self-similar, dissipative soliton, active self-similar have
been demonstrated experimentally and theoretically. LMA bers like photonic
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crystal bers, chirally-coupled-core bers, and higher-order mode bers are in-
vented and widely used in high power ber lasers and ampliers. As the result
of so many research activities, the pulse peak power from ber oscillators have
increased by orders of magnitude.
Despite the signicant progress in ultrafast ber laser development, they still
have their own problems. The peak power is still lower than solid-state lasers when
single-mode ber is used. And the lasers with LMA bers are not as compact as
single-mode ber lasers. Additionally, the high-performance ber lasers are still
lack of environmental stability. All of these limits their applications.
Furthermore, the majority of ber lasers/ampliers and pulse propagation re-
search rely on one spatial mode operation. As a result, only the temporal domain
is studied. The multimode ber did not draw enough attention in the past. With
the increasing demand on higher power for ber lasers and larger bandwidth for
telecommunication, the multimode bers are attracting more interests. Hence,
understanding the spatial mode-coupling and spatio-temporal coupling becomes
important.
The purpose of my research is trying to solve the above problems.
1.1 Organization of thesis
This thesis focuses on the study of generating high quality pulses from ber lasers
as well as the pulse propagation in multimode bers. The thesis is organized as
follows.
Chapter 1 introduces the basic concepts of pulse propagation in bers. Dierent
3
ber laser designs are summarized. At last, the important building blocks in ber
laser are presented.
Chapter 2 describes the study of an environmentally-stable Mamyshev oscilla-
tor. Based on cascaded Mamyshev regeneration principle and self-similar propa-
gation physics, it can reach a peak power at least an order of magnitude higher
than that of previous lasers with similar ber mode area. The key idea is design-
ing the oscillator to support parabolic pulse formation and taking the advantage
the step-like saturable-absorbing property of Mamyshev regeneration. Unprece-
dented nonlinear phase can be managed. This is the rst single-mode ber laser
that reaches megawatt-level peak power. In addition, it is environmentally stable,
which is attractive for fabrication and industrial applications.
Chapter 3 explores the extreme statistics distribution of the pulse energy in a
normal dispersion ber laser.
In Chapter 4, the subject is changed from oscillators using single-mode ber to
pulse propagation in grade-index (GRIN) multimode ber. A phenomenon called
beam clean-up is studied experimentally and numerically. It may be used for beam
cleaning/combining and saturable absorber.
Finally, future directions of these work will be discussed in Chapter 5.
1.2 Pulse propagation in passive single-mode ber
Fundamentally, electromagnetic eld propagation in medium is governed by
Maxwells equations plus the corresponding boundary conditions. The starting
point of the equation for describing pulse propagation in ber is the electromag-
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netic wave equation derives from Maxwell's equations with no source terms and
under the assumption r  E = 0:
r2E(r,t)  1
c2
@2E(r,t)
@t2
= 0
@2P(r,t)
@t2
; (1.1)
where E(r,t) is the electric eld, c is the speed of light in vacuum. P(r,t)
is the induced polarization and 0 is the magnetic permeability in free space. In
linear media, the induced polarization is assumed to be proportional to the electric
eld. But in optical bers, where the peak intensity of short pulses can be very
high (>1 kW), this assumption is no longer valid, and higher order terms have to
be included. The induced polarization is written as a sum of linear and nonlinear
contributions:
P = PL +PNL = 0(
(1) : E+ (2) : EE+ (3) : EEE+ : : : ); (1.2)
where PL and PNL are the linear and nonlinear portions of the polarizability,
0 is the permittivity in vacuum, 
(n) is the linear (n = 1) and nonlinear (n > 1)
susceptibilities tensors. Due to inversion symmetry in optical ber, all even terms
disappear, and hence (3) is the only signicant nonlinear term. (3) relates to a
variety of dierent nonlinear phenomena. In optical bers, (3) originates from the
interaction of the light with the electrons of the medium (Kerr nonlinearity) and
with the optical phonons (Raman scattering).
1.2.1 Generalized nonlinear Schrodinger equation
Under a series of approximations such as,
5
 The optical eld maintains its polarization along the ber.
 The optical eld is quasi-monochromatic (slowly varying envelope approx-
imation or narrow-band approximation), i.e., the envelope of the pulse
changes on a time scale much slower than an optical cycle, which requires
!=!0  1.
 PNL is a small perturbation to PL (Usually, nonlinear changes in the refrac-
tive index are < 10 5).
 The medium response is local.
, Equation 1.1 can be simplied to the generalized nonlinear Schrodinger equa-
tion (GNLSE). The pulse propagation in a single-mode optical ber can be well
described by the GNLSE. The derivation of the GNLSE equation from Equation
1.1 is well covered in numerous textbooks such as Ref. [9]. The nal form of
GNLSE obtained through the derivation is given by the following equation.
@A
@z
+

2
A 
1X
n=2
in+1
n
n!
@nA
@tn
=
i

1 +
i
!0
@
@t

A(z; t)
Z t
 1
R(t0)jA(z; t  t0)j2dt0

; (1.3)
where A is the slowly varying pulse envelope, z is the propagation distance,
 is the linear loss, n are the n-th order of the ber dispersion (2 and 3 are
often referred as the group velocity dispersion (GVD) and third-order dispersion
(TOD) respectively), t is the time in the frame of the pulse, !0 is the center
angular frequency,  is the nonlinear coecient which is dened as  = n2!0
cAeff
(n2
is the nonlinear index coecient and Aeff is the eective mode area), R(t) is the
nonlinear response function.
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The nonlinear response function R(t) incorporates both the electronic (instan-
taneous) and the vibrational (delayed) Raman contributions and takes the form:
R(t) = fRhR(t) + (1  fR)(t) (1.4)
where fR represents the proportion of contribution from delayed Raman re-
sponse, which is 0.18 for silica bers [10]. The Raman response function hR(t) is
responsible for the Raman gain and can be modeled in a useful form [11]:
hR(t) =
 21 + 
2
2
1 22
exp( t=2)sin(t=1) (1.5)
The parameters 1 and 2 are two parameters which are adjusted to match
the actual Raman gain spectrum. For silica glasses, the appropriate valuses are
1 = 12:2 fs, 2 = 32 fs [11].
In this dissertation, we focus on the propagation of pulses with duration longer
than 100 fs, so the eects from the fourth and higher-order dispersion are negli-
gible in most cases. Therefore, we can even simplify the Equation 1.3 to:
@A
@z
+

2
A+
i2
2
@2A
@t2
  3
6
@3A
@t3
= i(jAj2A+ i
!0
@
@t
(jAj2A)  TRA@jAj
2
@t
); (1.6)
This equation models loss/gain, GVD, TOD, self-phase modulation (i(jAj2A),
self-steepening (  
!0
@
@t
(jAj2A)), and stimulated Raman scattering ( iTRA@jAj2@t ).
When the loss and/or gain, higher-order dispersion, self-steepening, and the
Raman response are negligible, which is the case for most of long duration (>300
fs) and low peak-power pulses propagating in a passive ber, the GNLSE can be
further reduced to the famous nonlinear Schrodinger equation (NLSE):
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@A
@z
=  i2
2
@2A
@t2
+ ijAj2A: (1.7)
This well-studied equation is integrable and has analytical solutions called soli-
tons. The fundamental solitons are the result of balance between anomalous GVD
and self-phase modulation (SPM). It is referred as the fundamental soliton since
neither the pulse shape nor the pulse spectrum changes along the propagation
direction and it can be described as
A(t; z) =
p
P0 sech

t


e
i2
22
z; (1.8)
where P0 is the peak power of the soliton and the full-width at half-maximum
(FWHM) pulse duration is 1.7627 .
One important relation between the relevant parameters is the soliton area
theorem [12]
E =
2j2j

; (1.9)
where E is the pulse energy. For each pair of 2 and , a family of soliton
solutions, with dierent energy and the corresponding duration, can co-exist as
long as they satisfy the soliton area theorem. The existence of solitons in an
optical ber was demonstrated by Mollenauer et al. [13].
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1.3 Mode-locking and pulse generation from ber lasers
Mode-locking refers to a process that the longitudinal modes of the laser resonant
cavity can reach a xed-phase relationship. A train of pulses separated by the
round-trip time of the cavity can be generated by the constructive interference
between these modes. In general, the relative phases between dierent modes are
not xed if there is no modulation in the laser cavity, and the output varies in an
uncontrolled way. So, some approaches are needed to enforce coherence between
these modes. In addition, the periodic boundary condition of the cavity is also
needed to be satised by the pulsed eld, which means the modulating period
needs to be very close to the cavity round-trip time or its harmonics. Both active
or passive methods have been studied extensively to generate high quality pulses.
Active mode-locking involves the periodic modulation of the resonator losses,
achieved with an acousto-optic modulator (AOM) or electro-optic modulator
(EOM). When the modulation period is matched with the laser cavity round-
trip time, this can lead to the generation of short pulses. Output pulse duration
from active mode-locked lasers are limited by the modulation speed and the typical
values are picosecond or nanosecond. Passive mode-locking, which relies on self-
amplitude modulation of the pulse (usually in picosecond time scale) through its
interaction with a saturable absorber (detail will be given in the laser component
section), allows the generation of much shorter (femtosecond) pulses. An excellent
summary of all these mode-locking techniques can be found in a review paper from
Herman Haus [14].
Although the rst ber laser was experimentally demonstrated in 1961 [15], the
rst mode-locked ber laser did not appear until 1983. After that, several pulse-
shaping mechanisms have been discovered to improve the ber laser performance.
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In the next few sections of the introduction, a brief review will be given on dier-
ent classes of mode-locked ber lasers. Their physical mechanisms, characteristic
features, and typical output performances will be discussed.
1.3.1 Soliton lasers
Solitons are solutions of the NLSE, which is used to model the conservative system
(no loss/gain) such as pulse propagation in a passive ber. They can also exist in
laser oscillators when the gain, loss, output coupling, saturable absorption acting as
perturbations on the soliton. The laser is made up of anomalous dispersion bers
or normal dispersion bers with anomalous dispersion segments such as grating
pairs. The rst soliton laser is demonstrated experimentally by Mollenauer in
1984 using anomalous dispersion bers [16].
However, due to the periodic gain and loss, the soliton can develop side-bands
in its spectrum, which can destabilize the soliton. The NLSE fundamental soliton
has a wavevector ksol =
2
22
= 
4Z0
, while the linear wave have a dispersion relation
klin =  !22=2, where Z0 = /4ksol is the soliton period. The periodic variation of
the gain and loss (the period is the cavity length Zc in this case) produces dispersive
perturbations with wavevector kpert = 2/Zc. The phase matching condition for
providing ecient generation of dispersive waves is jmjkpert = ksol   klin, leading
to the resonance frequency

res =
1

s
8Z0jmj
Zc
  1; (1.10)
where m is an integer. The radiated energy can interfere constructively to form
the characteristic Kelly sidebands on the soliton spectrum (Figure 1 in Ref. [17]).
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These features on the output spectra are the signature of the soliton mode-locking.
The nonlinear phase shift per round-trip in a soliton ber laser is inversely
proportional to the pulse duration. Therefore, Kelly sidebands become much more
pronounced as the pulse duration is decreased (the pulse energy is increased).
When the laser is driven too far into this regime, the soliton pulses become un-
stable. Strong Kelly sidebands thus indicate that the pulse duration is near the
minimum possible value [18]. Meanwhile, these sidebands set the limit on how
high the solitons energy can be. In the physical cavity, length Zc is bounded above
by 8Z0. This relation restricts the possible outputs from a soliton laser, since for a
certain cavity length, it imposes a lower bound pulse duration before instabilities
arise (Z0 /  2).
In practice, while this mode-locking mechanism is simple and robust, its per-
formance is limited by the onset of multiple-pulsing. Usually, the pulse energy
is limited to 100-pJ level in single-mode ber lasers. The corresponding pulse
duration is in the picosecond or subpicosecond range.
1.3.2 Dispersion-managed soliton lasers
Dispersion-managed soliton lasers, also called stretched-pulse ber lasers, are con-
structed with normal and anomalous dispersion bers and the net dispersion is near
to 0 (Figure 1.1 (upper row)). The stretched-pulse ber laser gets its name from
the fact that the pulses temporally stretch and compress twice as they circumnavi-
gate the cavity (Figure 1.1 (bottom row)). The introduction of a dispersion map in
the cavity can eectively decrease the nonlinear eect thus the output pulse carries
roughly 10 times more energy than soliton [19]. The net cavity dispersion can be
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normal GVD anomalous GVD 
Figure 1.1: Schematic of the dispersion-managed soliton ber laser. The dispersion
map is shown in the upper row and the pulse evolution in temporal domain is shown
in the bottom row. The pulse duration is maximized at the end of each segment
of ber, and compressed to minimum duration in the center of the segment. A
saturable absorber is used to stabilize the cavity. Figure modied from Ref. [20].
slightly anomalous or normal. The output spectrum can be broader than the gain
spectrum and no Kelly sidebands are observed (See Figure 10 in Ref. [14]).
A master equation was developed for the operation of the dispersion-managed
soliton [21]. The pulses produced from dispersion-managed laser are the solution
of the master equation and generally more consistent with a Gaussian shape. The
typical performance is about 1 nJ and 40-100 fs and the maximum nonlinear phase
for the dispersion-managed soliton is less than . An excellent review of dispersion-
managed solitons can be found in Ref. [14] and Ref. [22].
1.3.3 Passive self-similar lasers
Soliton ssion and modulation instability are the fundamental constraints on the
high-energy pulse generation from lasers using anomalous dispersion ber. Hence,
a natural question is whether it is possible to build a mode-locked ber laser only
with normal dispersion ber. However, even in the normal-dispersion regime, high-
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peak power pulses also subject to instability through the optical wave-breaking
[23, 24].
In 1993, Anderson et al. studied the NLSE in normal dispersion regime and
found the cause of optical wave-breaking. It is due to the overtaking of dierent
parts of the pulse as a result of non-monotonic chirp. The nonlinear generation
of new frequencies and sidelobes in temporal domain at the moment of overtaking
break the pulse [25]. Furthermore, these researchers also found a wave-breaking-
free solution, it has a parabolic temporal and phase prole (linear frequency chirp)
A(t; z) = A0
p
1  (t=)2 exp(ib(z)t2) (jtj  ): (1.11)
This is the asymptotic solutions of the NLSE. Besides the wave-breaking free
property, another important feature is the pulse maintains the parabolic shape and
the temporal prole is always a scaled version of itself during the propagation.
The physical insight of this evolution can be explained intuitively. The pulse
is parabolic in both time and frequency domains (Fourier transform of a parabolic
pulse with a parabolic phase prole in the time domain is parabolic spectrum with
a parabolic phase prole in the frequency domain. It is no longer the truth if
the phase is at across the pulse). During propagation, SPM will add a parabolic
shape to temporal domain because the temporal intensity is also parabolic and
GVD will add parabolic phase in the spectral domain. Neither of these two eects
is able to change the shape of the pulse or spectrum. Therefore, even though the
pulse duration and spectrum width are increasing due to GVD and SPM, their
shape remain parabolic. It is so-called self-similar propagation. Moreover, this
self-similar propagation results in a linear frequency sweep, so the chirp of the
parabolic pulse tends to remain linear, which can be compressed easily.
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In 2004, Ilday et al. designed a laser that would support self-similar evolution
in a passive ber segment [26]. The laser includes a normal dispersion ber and a
dispersive delay line (DDL) (Fig. 1.2 bottom row). The pulse duration increases
monotonically in the normal dispersion ber and gets compressed in the DDL while
the spectrum remains almost the same ((Fig. 1.2 top row)). The output chirped
pulse is before the DDL and can be de-chirped close to the transform limit using
a grating pair. The power spectrum exhibits a unique shape that is predicted
numerically: parabolic near the peak, with a transition to a steep decay (Figure 2
and 4 in Ref. [26]). The approximately parabolic temporal prole, nearly linear
chirp, shape of the output spectrum, and the evolution of the intensity prole are
all signatures of passive self-similar mode-locked lasers.
We emphasize that this self-similar solution is the asymptotic solution of the
nonlinear Schrodinger equation with only ber nonlinearity and normal GVD, so
the laser is called passive self-similar laser. It is distinct from the similariton that
formed in the presence of gain [27]. This is the rst self-similar laser. Pulse energies
up to  10 nJ and pulse durations down to sub-100 fs can be generated from this
laser.
1.3.4 Dissipative soliton lasers
In 2006, Chong et al. demonstrated a mode-locked ber laser contained no com-
ponents with anomalous GVD [29]. The pulse shaping is dominated by a spectral
lter. The pulse circulates around the oscillator is highly-chirped and the lter
shapes the pulse both in spectral and temporal domain. The output pulse is also
highly-chirped but can be dechirped to  170 fs using grating compressor. The
generated pulses from this all-normal-dispersion (ANDi) laser exhibit a unique
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Figure 1.2: Top: the temporal and spectral evolution in the passive self-similar
laser. Bottom: the main components of passive self-similar laser. Evolution is
clockwise. Figure reproduced from Ref. [28].
steep-sided spectrum and acquire frequency chirps that can be several times larger
than the net cavity dispersion [30]. This pulse evolution is distinguished from prior
mode-locked ber lasers such as soliton and stretched-pulse laser.
An typical example of ANDi laser is shown schematically in Figure 1.3. Non-
linear polarization evolution (detail is given in the ber laser components section)
is employed as the saturable absorber. A polarizing beam-splitter is used as the
output coupler. A bandpass lter (6-20 nm bandwidth) centered at 1030 nm is
placed after the beam splitter. Pulse energies up to around 10 nJ and pulse dura-
tions down to around 100 fs can be achieved. The peak power after compression is
over two-orders of magnitude higher than soliton. And the maximum accumulated
15
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Figure 1.3: Schematic of the ANDi ber laser. QWP: quarter waveplate; HWP:
half waveplate; PBS: polarizing beam-splitter; WDM: wavelength-division multi-
plexer; SMF: single-mode ber.
nonlinear phase is able to reach  10 [28].
There is a large degree of freedom in the cavity design by adjusting the passive
ber length (net GVD), lter bandwidth, and pump power. Pulses with dierent
properties can be generated [30]. At repetition rates above 10 MHz, the output
pulses can be de-chirped to close to the transform limit. At even lower repetition
rates, longer chirped pulses are formed and the de-chirped pulses tend to acquire
a larger deviation from the transform limit [31].
Energy scaling using 10 m core SMFs was reported by Kieu et al. and they got
2.2W average power, 30-nJ pulse energy and sub 100-fs pulse duration [32]. These
numbers are close to those from the commercial Ti:sapphire lasers on the markets.
Further scaling has also been reported. Using photonic-crystal ber (12W, 140-nJ,
115-fs) [33] and the large-pitch photonic-crystal ber (66 W, 0.9 J, 90 fs) [34],
megawatt-level peak power pulses are achieved.
Besides the outstanding performance, another exciting fact about ANDi laser
is that it is an analytical solution of the cubic-quintic Ginzburg-Landau equation
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(CQGLE) [35]. In general, the physical mechanisms that aect the pulse in a ber
laser are not uniformly distributed around the oscillator. For example, the lter is
placed at one place rather than all over the cavity. However, on average, the pulse
propagation can be modeled using CQGLE with constant coecients:
@A
@z
= gA+

1


  iD
2

@2A
@t2
+ ( + i)jAj2jAj+ jAj4A; (1.12)
where g models the gain or loss,D is GVD,  and  together model the nonlinear
loss from the SA. The spectral lter is introduced by the 
 term and  is the Kerr
nonlinear coecient. The analytical solution of CQGLE matches with numerical
simulation and experimental result very accurately [35].
The formation of pulse is the result of the balance between dispersion (normal),
self-focusing nonlinearity, loss from the spectral ltering and SA and gain from the
active ber [35, 36, 37]. This type of soliton is referred as dissipative soltion because
the gain and loss (dissipative process) also play a signicant factor in the mode-
locking. Moreover, dissipative solitons are also governed by an area theorem, but
in a dierent form. The energy of dissipative soliton scales directly with the pulse
duration and there is an upper limit for it [38].
1.3.5 Amplier similariton lasers
When the pulse propagates in a doped ber with normal dispersion and constant
gain, it can be modeled using a simple equation
@A
@z
=   i2
2
@2A
@t2
+ ijAj2A+ g
2
A: (1.13)
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A self-similar solution is derived by Fermann et al. [27]
A(z; t) = A0(z)
s
1 

t
(z)
2
ei(z;t) (t  ): (1.14)
The pulse phase (z; t), chirp !(t), amplitude A0(z) and duration (z) have
the form of:
(z; t) = 0 + 3

1
2g

A20(z)  g

1
62

t2: (1.15)
!(t) =  @(z; t)
@t
= g

1
32

t; (1.16)
A0(z) =
1
2
(gE)1=3(
2
2
) 1=6 exp(
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3
); (1.17)
(z) = 3g 2=3(
2
2
)1=3 exp(
gz
3
): (1.18)
Signicantly, these results imply that the output is only determined by the
energy of the initial pulse and ber parameters. Any input pulse for the gain ber
eventually converge to the same parabola-shaped solutions and scale self-similarly
along propagation as long as the input energy stays the same. Based on this self-
similar attraction to parabolic pulses in the gain segment, dierent cavity designs
have been reported. With the help of anomalous dispersion ber (transform the
pulses after the gain ber into solitons) [39] or narrow bandpass lters (narrow
down the spectrum and shorten the chirped-pulse duration) [40, 41], the amplied,
wide-spectrum and highly chirped long-duration pulse returned to a low-energy,
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Figure 1.4: Illustration of the local attraction in an amplier similariton ber laser.
Figure reproduced from Ref. [37].
narrow-spectrum and short-duration pulse (Figure 1.4) and formed a self-consistant
condition. Mode-locked lasers have been demonstrated using doped-ber [39, 40]
or Raman gain as their gain medium. Because this self-similar solution is formed
inside of the gain ber, it is often referred as amplier similariton (AS).
The demonstration of AS mode-locked ber laser is remarkable as a feedback
system with a local nonlinear attractor that is not a static solution, which is very
dierent from soliton and dissipative solitions. Another remarkable feature of the
AS laser is that it is subject to a local attractor rather than the design of the whole
cavity, which allows for several practical advantages. For example, the output pulse
parameters only change slightly as a function of the net GVD, which leaves a large
room of freedom for the laser design [42].
Another important thing needed to know is the assumption of this model is
that the gain medium has innite gain bandwidth and does not have any other
nonlinear terms except Kerr nonlinearity. In practice, this is not true. The gain
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bandwidth of ytterbium and erbium doped ber is  40-nm and other nonlinear
eects such as stimulated Raman scattering exist. As a result, this ideal solution
is experimentally limited due to these deleterious eects [43, 44, 45].
1.4 Fiber laser components
A summary of the important components that appear in a ber laser is given in
this section. This part introduces dierent kinds of components, such as bers,
spectral lters and saturable absorbers.
1.4.1 Optical Fibers
Single-mode ber and multimode bers
A ber with core radius a and numerical aperture NA operates at 0 is a single-
mode ber if V = 2(a/0)NA < 2.405. Thus, when the ber core radius is
small, only one spatial mode can exist and this spatial prole of the optical eld
is invariant along the propagation path. And only the temporal domain eect is
needed to be considered when studying the pulse evolution in a single-mode ber
(SMF). For instance, in the linear propagation case, the pulse duration broadens
as a result of chromatic dispersion (Fig. 1.5(a): Pulse propagation). When the
core size is getting larger, multiple spatial modes can be supported by the ber
and these modes have dierent group velocities. Thus pulse spreads faster in
multimode ber (MMF) than in SMF due to the extra contribution from modal
dispersion (Fig. 1.5 (b): Pulse propagation). In most of the applications, the
20
380µm 200µm
125µm
50-100
µm
125µm
-10µm
Output pulse
Step index multimode fiber
Graded index multimode fiber
Single mode fiber Input pulseIndex of refraction
n
n
n
(a)
(b)
(c)
Time
P
o
w
e
r
Time
Time
Time
Time
Time
P
o
w
e
r
P
o
w
e
r
Pulse propagation
Figure 1.5: Cross-section, index of refraction and qualitative pulse propagation be-
havior for dierent types of ber. (a) single-mode ber, (b) step-index multimode
ber and (c) graded-index multimode ber. Figure modied from Ref. [46].
modal dispersion is not desired. For example, in telecommunication area, it limits
the transmission bandwidth; in high power laser and amplier, it causes speckled
output beam shape. Index grading is a remarkable way to reduce the dierential
modal delay. The refractive index decreases gradually from the core to the cladding
(Fig. 1.5 (c): Index of refraction). Therefore, although higher order modes travel
longer distance, they travel faster, so that the propagation times of the dierent
rays are equalized (Fig. 1.5 (c): Pulse propagation).
SMF is one of the most important inventions in the past century. SMFs are
widely used in optical ber communication systems, ber lasers (ampliers), and
scientic research areas due to the simplicity of their systems. In the nonlinear ber
optics eld, even with the interplay between linear (dispersion) and nonlinear (gain,
SPM, Raman, self-steepening) eects in temporal domain, there are tremendous
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(a) (b)
Figure 1.6: Typical output beam proles from single-mode ber (a) and multimode
ber(b).
nonlinear phenomena such as modulation instability, soliton, soliton ssion, soliton
self-frequency shift, super-continuum generation, spectrum compression and self-
similar propagation have been discovered over the past few decades.
MMFs, which were invented even ahead of SMFs, were considered as low-price
and low-quality waveguides for a long time. Their applications are limited to
short-distance optical ber communications and poor beam-quality, high-power
light transportation due to the phenomena of intermodal dispersion and inter-
ference. The light experiences linear/nonlinear mode coupling when propagating
along MMFs, whereby the high spatial quality input laser beams may fade into
speckled output (Figure 1.6).
The view of MMFs starts changing since SMF-based communication systems
and short-pulse lasers/ampliers approach their fundamental limits and more and
more researchers nd dierent ways to control the light propagation in MMFs
in the past few years. For example, there has been growing interest in ber-
optic communications using spatial-division multiplexing, imaging through MMFs,
principle modes, etc.
When studying the pulse propagation in multimode bers, GRIN MMFs are
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often used because of low intermodal group delay. All the modes in GRIN MMFs
propagate with nearly identical group velocities, therefore, nonlinear coupling
among dierent modes for short pulses is maximally achieved.
The refractive index prole of a GRIN multimode ber is given by
n2() = n20
h
1  2( 
R
)
i
(  R)
= n20(1  2) ( > R);
(1.19)
where R is the core radius, n0 is the maximum refractive index in the center
of the core,  is the relative index step, and   2 characterizes a near parabolic-
index prole. Analytical solutions for the spatial mode and the propagation con-
stant can be found in Ref. [47, 48].
Poletti and Horak [49] have shown that the GNLSE for pulse propagation in
multimode bers can be written as
@zAp(z; t) = i
(p)
0 Ap   (p)1 @tAp + D^pAp + i
n2!o
c
(1 +
i
!o
@t)
NX
l;m;n
[(1  fR)SKplmnAlAmAn + fRSRplmnAl
Z t
1
dhR()Am(z; t  )An(z; t  )]
(1.20)
where Ap is mode p
0s temporal envelope, (p)0 (
(p)
1 ) are the dierences relative
to the fundamental mode of the 1st (2nd) coecient in the Taylor series expansion
of the wavenumber for the mode p about center angular frequency !o, D^p is the
chromatic dispersion operator for mode p, and SKplmn and S
R
plmn are cubic nonlinear
coupling coecients for Kerr eect and SRS.
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(a) (b)
Figure 1.7: (a) Basic structure of double-cladding ber and (b) pump and single
light propagation in a double-clad ber. Figure modied from Ref. [50].
Double-cladding bers
Rare-earth-doped gain bers are available with either a core-pumped or cladding-
pumped design. Core-pumped gain bers and pump laser diodes with a SMF
pigtail are widely used for lower-power applications such as telecommunication
and low-energy seed lasers. For high-power applications, cladding-pumped bers
with three layered structure are designed. The inner cladding with higher refrac-
tion index than the outer cladding acts as a waveguide for the pump light (Figure.
1.7 (a, left)). This double-clad ber design typically has a high-NA, multimode
cladding for the pump light and a single-mode or large-mode-area core for the sig-
nal light (Figure. 1.7 (a, right)). The large area of the multimode cladding-pump
waveguide is able to handle large pump power whilst the signal is still carried
through an active single-mode core. This allows high-power, low-brightness, mul-
timode pump light to be eciently converted to a high-power, high-brightness,
high-spatial quality output as illustrated in Figure 1.7(b).
24
Figure 1.8: Ytterbium-doped, polarization maintaining, single-mode, double-clad
ber (YB1200-6/125DC-PM).
Polarization maintaining bers
In an ordinary (non-polarization-maintaining) SMF, two degenerate orthogonal
polarization modes (vertical and horizontal polarization) can exist. Under ideal
conditions (perfect circular symmetry), the two modes have the same phase velocity
and would not couple to each other. However, tiny amount of random birefringence
caused by circular symmetry breaking during the manufacturing process or bending
in the ber, will result in the crosstalk between these two polarization modes.
Polarization maintaining (PM) bers are optical bers with a strong built-in
birefringence, instead of a ber without birefringence. The dierence of propaga-
tion constants of the two polarization modes are much larger than ordinary SMF.
The disturbances in the ber, which are not fast enough to provide a Fourier
component with a wavenumber that matches this propagation constant dierence.
Therefore, the mode coupling is mitigated. A linearly polarized light, if properly
launched to one of the ber axes, can preserve its polarization with little or no
cross-coupling between the two polarization modes. The ber structure is based
on either introducing stress rods of dierent material into the cladding or via non-
symmetrical cladding shapes (Figure. 1.8).
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Figure 1.9: Pulse shaping by spectral ltering of a highly-chirped pulse.
1.4.2 Spectral lters
The spectral lter, which induces spectral loss, is also able to shape (shorten)
the pulse in time domain when the pulse is highly chirped (Figure. 1.9). It is
of particular importance for dissipative solitons [30, 35] and amplier similariton
[37] ber lasers. Moreover, advanced temporal waveforms, such as bright and dark
parabolic, triangular and saw-tooth-prole pulses can be generated by controlling
the amplitude transfer function of the lter [51].
Spectral lters used in this thesis are interference ber, birefringence ber, and
grating lter. Their mechanisms and characteristics are listed below.
Interference lters
Interference lters use the interference eect to preferably reect or transmit par-
ticular part of the optical spectrum. In general, an interference lter consists of
multiple thin layers of dielectric material with dierent refractive indices and/or
thickness in order to cover a broad spectrum. In principle, through the constructive
and destructive interference, the shape of transmittance curve can be arbitrary.
However, in practice, it is dicult for interference lter to reach a smooth and
low-loss transmission curve which matches well-known functions such as Gaussian,
parabolic, etc. For example, Figure 1.10 shows a measured transmission curve of a
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Figure 1.10: Measured transmittance of interference lters (the center wavelength
of 1020, 1030, and 1040-nm with  10-nm BW. The peak transmission eciency
is  60%. Figure reproduced from Ref. [20]).
typical interference lter (0=1030nm, BW=10 nm). It is hard to accurately model
the laser cavity and predict the performance with numerical simulation because of
this complex transmission curve.
Birefringent lters
A birefringent lter relies on the polarization evolution in a strong birefringent
material, where the ordinary wave and extraordinary wave have dierent refraction
index. This polarization evolution is a function wavelength. By adding a polarizer
after this birefringent material, a wavelength-dependent loss will be created [52].
The transmission function of the birefringent lter is
T () = cos2

(ne   no)d


; (1.21)
where ne and no are the extraordinary and ordinary refractive indices, d is the
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Figure 1.11: (a) Calculated lter prole for a 5-mm thick plate. (b) Filter band-
width as a function of thickness. Figure reproduced from Ref. [54])
thickness of the birefringent plate. In this thesis, quartz birefringence plates are
used (n0 = 1:53514; ne = 1:54392 at 1030 nm). The peak transmittance can be
over 90% and the center wavelength of the passband can be tuned by rotating
the quartz plate. The transmission curve is periodic and smooth (Fig. 1.11(a)).
Moreover, dierent lter bandwidths can achieved by using plates with dierent
thickness (Fig. 1.11 (b)). Experimental measurements conrm the correctness of
this model (see Fig. 1.11 and Fig. 1.12 in Reference [20]).
Birefringent lters are widely used in dissipative soliton lasers [30, 53].
Grating lters
When some applications require single-peaked and narrow-band lters (<5 nm),
birefringent lters cannot be good choices because of their multiple passband prop-
erty (Fig. 1.11(a)), especially when the input spectrum is wide. Additionally, nu-
merical simulations consistently show better performance are generated from the
laser cavities with Gaussian-shape lters [55, 56]. A grating lter, which consists
of a grating and a SMF, can accomplish the two goals simultaneously. The grating
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Figure 1.12: Schematic of a grating-based lter.
spatially disperses the spectrum of the incident pulse and a collimator collects the
diracted beam (Fig. 1.12). The ber only picks up a portion of the spectrum be-
cause of the nite numerical aperture. The overlap of the linear spatially-chirped
beam with the spatial mode of the SMF results in a spectral lter with a Gaussian
transmission curve. When designing the lter bandwidth, the ABCDEF matrix is
needed to choose which components to use [57]. It is a function of grating constant,
input beam diameter, ber mode eld diameter and focal length of the collimator
lens.
1.4.3 Saturable absorbers
Saturable absorbers (SA) are critically important for passively mode-locked lasers.
An ideal fast saturable absorber, which is used in the simulations presented in this
thesis, has a transmission curve of the form
T (t) = 1  MD
1 + P (t)=Psat
; (1.22)
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Figure 1.13: Transmission function of an ideal saturable absorber with Psat = 3
kW and MD = 1.
where MD is the modulation depth, Psat is the saturation power of the SA
and the transmission T (t) gets higher when the pulse peak power P (t) increases
(Figure 1.13).
SA promotes pulse formation by preferentially transmitting higher intensity
light, enabling high intensity uctuations to be boosted above the background
noise level. Thus, a short pulse could produce a modulation of loss because the
high intensity at the peak of the pulse saturates the absorber more strongly than
its low intensity wings. The saturable absorber can shape the pulse and slightly
reduce the pulse duration (Fig. 1.14).
There are two categories of SAs used in lasers, the material-based SAs and
the articial SAs. The former include semiconductor saturable absorber mirrors
[58], carbon nanotubes [59] and some other 2-dimensional materials. The articial
SAs include Kerr-lens [7, 60], nonlinear polarization evolution [61, 62], nonlinear
optical loop mirror [63] and nonlinear amplifying loop mirror [64].
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Figure 1.14: Pulse shaping through the saturable absorber.
Semiconductor saturable absorber mirror and nonlinear polarization evolution
are discussed below.
Semiconductor saturable absorber mirrors
Semiconductor saturable absorber mirror (SESAM) is a mirror coated with a semi-
conductor material. The semiconductor material absorbs light when the input pho-
ton energy is sucient to excite carriers from the valence band to the conduction
band. The absorption is saturated under strong excitation conditions because the
possible initial states of the transition are depleted.
SESAMs are widely used for passive mode-locking, particularly for solid-state
bulk lasers. They work with a wide range of laser parameters and usually allow
for reliable self-starting mode-locking. Another important application is passive
Q-switching. SESAMs also have the advantage of being environmentally stable.
However, they tend to be limited to low modulation depths (10%-40%). In ad-
dition, they are also easy to damage under high power circumstance and they
degrade over time. All these impede their usages for high-performance ber lasers.
A good summary of the SESAM can be found in Ref. [58].
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Figure 1.15: Schematic for NPE saturable absorber (PBS: polarizing beam splitter;
HWP: half waveplate; QWP: quarter waveplate).
Nonlinear polarization evolution
Nonlinear polarization evolution (NPE) is an ultrafast passive articial SA. It re-
lies on the nonlinearity-induced polarization rotation in the ber and can provide
high-modulation depth (>90%) and tunable transmission curves. The typical im-
plementation of NPE is illustrated in Fig. 1.15. The polarization state of light after
the polarization beam splitter (PBS) is linear and is converted to elliptical through
the quarter waveplate (QWP). Then, it propagates nonlinearly in the ber. Due
to cross-phase modulation, the polarization state of the elliptically polarized light
will exhibit an intensity-dependent rotation. This rotation can be converted to
an intensity-dependent loss after passing through the following QWP, HWP and
PBS. If the waveplates are biased correctly, the transmission curve can be biased
such that higher intensity has a higher transmission, thus allowing for a pulse
to generate from noise. The rejection port of the polarizer can be used as the
output coupler. NPE is prevalent in normal-dispersion ber lasers. So far, their
performance is better than ber lasers using SESAMs or CNTs.
The major drawback for NPE is that it is very sensitive to the environmen-
tal perturbation. Changes from temperature, twisting or shaking can introduce
changes to the ber birefringence and in turn change the transmission curve of the
NPE. Mode-locking state will be changed or even lost due to these perturbations.
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CHAPTER 2
MEGAWATT PEAK POWER FROM A MAMYSHEV
OSCILLATOR1
Fiber lasers that generate ultrashort light pulses can oer practical advantages
over solid-state lasers for some applications. However, the achievement of high
peak power with environmentally-stable designs remains a major challenge for
ber oscillators. We demonstrate that an environmentally-stable source based on
cascaded Mamyshev regeneration can reach peak power at least an order of magni-
tude higher than that of previous lasers with similar ber mode area. By designing
the oscillator to support parabolic pulse formation and exploiting the step-like sat-
urable absorber characteristic of Mamyshev regeneration, unprecedented nonlinear
phase shifts can be managed. Numerical simulations reveal key aspects of the pulse
evolution, and realistically suggest that (after external linear compression) peak
powers that approach 10 MW are possible from ordinary single-mode ber. Exper-
iments with a ring-cavity oscillator based on ytterbium-doped ber are limited by
available pump power, but still yield 50-nJ and 40-fs pulses,for  1-megawatt peak
power. The combination of environmental stability, established previously, with
the performance described here should make the Mamyshev oscillator extremely
attractive for applications.
2.1 Introduction
A consensus goal of research on ultrafast ber lasers has been to develop an alter-
native to the solid-state mode-locked oscillator, with the purported benets of the
ber platform: relatively low cost, simplicity, and robustness. Ultrafast lasers pro-
1Much of the work presented in this chapter was published in Optica [1].
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vide precise and intense elds that have enabled many important advances, such
as biomedical imaging and laser micromachining [2, 3]. Fiber ultrafast instruments
could be transformative in enabling both widespread scientic and industrial ap-
plications of ultrafast pulses. However, for this they need to simultaneously reach
sucient performance and be amenable both to cost-eective manufacturing and
use by non-experts. For a long time, the primary challenge to achieving high peak
power was the management of nonlinearity in the waveguide medium. In the past
decade, this challenge has been met with several developments. New pulse evo-
lutions based in normal dispersion ber now provide a means of tolerating high
nonlinearity [4, 5, 6, 7, 8]. In laboratory prototypes that utilize nonlinear po-
larization evolution (NPE) as an eective saturable absorber, these sources rival
solid-state oscillators. Their typical performance of  20-nJ and sub-100 fs pulses
from standard single-mode ber (SMF) represent order-of-magnitude higher peak
power than early soliton [9] and stretched-pulse ber oscillators [10]. However,
for widespread use and commercialization, NPE is undesirable because it is highly
sensitive to the random birefringence of the ber, and consequently mode-locking
is easily disrupted by environmental perturbations. This has become the imped-
iment to the proliferation of ber lasers in applications that employ femtosecond
oscillators. It has stymied commercial instruments that reach beyond the scientic
market.
Substantial eort has been devoted to solving this problem. Fiber lasers con-
structed with all polarization-maintaining (PM) ber are robust against such en-
vironmental perturbations. To date, no work has been able to combine the high
performance of NPE in standard SMFs with an all-PM design. Semiconductor sat-
urable absorber mirrors (SESAMs) [11, 12] and nonlinear loop mirrors using PM
bers [13, 14, 15] have been employed as alternative saturable absorbers. Material-
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based saturable absorbers, however, suer from long-term reliability and poor
power-handling capabilities. Nonlinear loop mirror (NOLM) and nonlinear am-
plifying loop mirror (NALM) based designs require precise control of the splitting
ratio between loop directions, and their transmission cannot be easily and con-
tinuously tuned. Furthermore, although signicant steps have been made, lasers
based on SESAMs, NOLMs or NALMs still have not generated more than 5-nJ
and sub-100 fs pulses.
Devices based on reamplication and reshaping have been considered as an al-
ternative for the generation of short pulses [16, 17, 18, 19, 20]. This approach relies
on self-phase-modulation (SPM) induced spectral broadening and oset spectral
ltering, which leads to an eective self-amplitude modulation. Mamyshev pro-
posed the use of the process for signal regeneration [21], and several studies focused
mainly on pulse generation with telecommunication parameters [22]. The pulse en-
ergies and durations (usually picojoules and picoseconds) were limited by nonlin-
ear phase accumulation in long bers and narrow lter separation [18, 19, 20, 22].
Regelskis et al. rst demonstrated a Mamyshev oscillator aimed at high-energy
femtosecond pulses [23]. This environmentally-stable oscillator produced modest-
energy (<3-nJ) pulses with 2-ps duration. The measured spectral bandwidth could
support  150-fs transform-limited pulses, but the compressed pulse duration was
not measured. These researchers also reported that the oscillator could be started
by reecting light rejected by the lter back into the cavity [24]. Very recently,
starting of a Mamyshev oscillator by modulation of the pump laser at 20 kHz to
induce Q-switching was reported [25]. This oscillator featured an all-ber con-
struction and generated impressive 15-nJ pulses, which were dechirped to 150-fs
duration.
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The recent works by Regelskis et al. and Samartsev et al. nicely illustrate the
potential practical advantages of Mamyshev oscillators over conventional mode-
locked lasers. On the other hand, they do not address the nature of the intracavity
pulse propagation beyond the self-amplitude modulation that arises from the oset
ltering. As a result, important questions remain regarding fundamental aspects
of their operation. Additionally, the peak power obtained with such devices still
lags behind that of mode-locked lasers that employ NPE. If Mamyshev oscillators
cannot reach high performance levels, the benets they provide over alternative
environmentally-stable designs will be limited. On the other hand, if the perfor-
mance limits of the Mamyshev oscillator meet or even exceed those of previous
designs, the combination of performance and practical advantages may allow it
to nd widespread applications. Clearly, there is ample motivation to understand
pulse propagation and its performance limits. Finally, the mechanisms of self-
starting are still unclear.
Here, we report results of a theoretical and experimental study of pulse propaga-
tion in a Mamyshev oscillator. Insight gained about the pulse propagation allows us
to achieve record performance for a femtosecond ber oscillator, and forecasts ulti-
mate performance limits yielding nearly an order-of-magnitude higher peak power.
Numerical simulations show that an oscillator comprised of ordinary SMF, when
seeded by a low-energy short pulse (< 10-ps), can support mode-locked pulses with
190-nJ energy and <20-fs dechirped duration (Fourier transform limited). These
parameters correspond to  8 MW peak power. The simulations reveal that this
performance follows from the oscillator's remarkable capacity to manage nonlinear
phase. In a suitably-designed cavity, the pulse evolves to a parabolic shape before
it enters the gain ber, which enables control of the nonlinear phase accumulated
in the gain segment. Theoretically, the pulse can accumulate a round-trip non-
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linear phase shift of 140 and still be stable. In experiments,  50-nJ and 
40-fs pulses (after compression) at 17 MHz are generated, with the energy limited
by the available pump power and/or damage to the PM ber. Even so, the 
1 MW peak power is about 10 times higher than that has been produced by a
mode-locked ber laser constructed with ordinary SMF [6]. The accumulated non-
linear phase shift is  60, which is  5 times larger than the largest reported for
stable pulses with well-controlled phase from a mode-locked laser. We attribute
this to the parabolic pulse propagation along with the step-like saturable-absorber
behavior of the Mamyshev process, which will be elaborated on below. These re-
sults represent a signicant step toward a high-energy, short-pulse ber source that
can be environmentally-stable. The outlook for self-starting Mamyshev oscillators,
along with extensions to other wavelengths, will be discussed below. Finally, we
consider fundamental aspects of the Mamyshev oscillator in the context of other
driven nonlinear systems.
PBS 12 2Filter 1
976 nm pump
Gain fiber 1
Isolator PBS 2
976 nm pump
Gain fiber 2
Filter 2
22
outputseed
Figure 2.1: Schematic of the ring Mamyshev oscillator. Filter: The black curve
shows the gain spectrum and the red curve indicates the passband of the lter;
PBS: polarizing beam splitter.
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2.2 Numerical and experimental results
The experimental conguration of the oscillator is schematically illustrated in Fig.
2.1. The laser operates in the all-normal-dispersion regime (as do all prior Mamy-
shev oscillators). A ring oscillator allows more design freedom to control the prop-
agation compared to a linear oscillator. Ytterbium-doped ber provides the gain,
and all bers are PM. The use of Gaussian spectral lters is important for maxi-
mizing the pulse quality and peak performance (see Supplement 1, section 3). To
accomplish this, we use the overlap of the beam diracted from a grating with the
spatial mode of the ber [26]. These lters inherit their Gaussian shape from the
fundamental mode shape of the SMF, and were tuned to longer ( 1040 nm) and
shorter ( 1030 nm) wavelengths than the  1035 nm peak of the gain spectrum.
An isolator ensures unidirectional operation. Polarizing beam splitters are used
as the output couplers. The steady-state operation cycle consists of amplication
(gain ber 1), spectral broadening (gain ber 1 and the following passive SMF),
pulse energy adjustment (PBS 1), ltering (lter 2), amplication (gain ber 2),
spectral broadening (gain ber 2 and the following passive SMF), output (PBS 2)
and spectral ltering (lter 1). The half-wave plates are used to adjust the polar-
ization state of light going into the PM ber and to optimize the output coupling
ratio. To ignite pulsation in the cavity, a seed pulse is directed into the ber via a
grating.
We performed numerical simulations of the oscillator shown in Fig. 2.1 using
the standard split-step method with accurate ber parameters (the parameters
are given in Supplement 1, Table S1). The simulation includes the Kerr nonlin-
earity, stimulated Raman scattering, and second and third order dispersion. The
oscillator is seeded with dierent initial pulses (picosecond or femtosecond dura-
42
Figure 2.2: Numerical simulation results for  50 nJ output pulses. (a) Evolution
of pulse duration (blue) and RMS bandwidth (red), P: passive ber; G: gain ber;
F: lter; (b) evolution of mist parameter M dened byM2 =
R
(I Ifit)2dt=
R
I2dt,
which indicates the dierence between the pulse shape (I) and the best-t parabolic
prole Ifit; (c) temporal prole (black) with tted parabolic curve (red) and in-
stantaneous frequency across the chirped pulse (blue) and (d) simulated spectrum.
tion), but for given cavity parameters the simulations always converge to the same
solution. The simplied gain dynamics and small temporal window of our simu-
lations prevent our current numerical model from providing realistic insight into
starting of pulse-formation from noise. Numerical simulations predict the cavity
may generate up to 190-nJ pulses, which can be dechirped to below 20 fs. The
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pulse energy is limited by deviations of the pulse from a parabolic shape, which
causes wave breaking, and by stimulated Raman scattering (see Supplement 1, Fig.
S1). Another example, for which 50-nJ pulses are produced, is shown in Fig. 2.2
for comparison to experimental results below. The pulse duration and bandwidth
grow monotonically in the passive (80 cm), gain (2.5 m) and second passive ber
(80 cm) segments in both arms. The spectral lters (F1 and F2) shape the pulse
to a narrow-band and short-duration pulse that seeds the propagation in the sub-
sequent arm (Fig. 2.2 (a)). Over the course of its evolution, spectral breathing
by a factor of 16 is observed. The pulse evolves quickly to a parabolic shape in
the passive ber (Fig. 2.2 (b)). This parabolic pulse is subsequently amplied in
the gain ber. The parabolic shape is maintained through this gain ber and into
the following passive ber. This is in contrast to regenerative similariton lasers,
where the self-similar evolution is localized to the gain ber [27, 28]. The output
in the time domain is a nearly linearly-chirped parabola (Fig. 2.2 (c)) with 110-nm
bandwidth (Fig. 2.2 (d)), which corresponds to a  30-fs transform-limited pulse.
Experiments were performed with guidance from the simulations. Yb-doped,
PM double-clad ber with 6-m core (YB1200-6/125DC-PM) is employed in the
gain segments. The 2.5-m long gain segments support the parabolic evolution and
absorb most of the pump light. All the passive bers are standard PM-980. The
oscillators repetition rate is 17 MHz. The separation of the two lters was ad-
justed to eliminate continuous-wave (CW) operation while allowing for the highest
output pulse energy. With the seed pulses launched into the cavity, the optimal
mode-locking conditions were found by adjusting the output coupling in each arm
with the waveplates. The seed pulses can be quite weak and their duration is
not important. For example, reliable starting was obtained with 80-pJ and 10-ps
pulses, or with <10 pJ and 3-ps chirped pulses with 20-nm bandwidth. The band-
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width of the seed pulse is a signicant factor because it determines whether a seed
can circulate and be amplied in the rst roundtrip; if the bandwidth is not wide
enough, larger seed energy or higher gain is needed to provide enough spectral
broadening. Once pulsation is initiated, as indicated by a broad output spectrum,
the seed pulse can be blocked and pulses will continue to circulate in the cavity.
While the oscillator is running, physical perturbations such as twisting or shaking
the ber do not alter the operating state of the laser. Once the optimal conditions
are found, oscillation can be extinguished by blocking the cavity or turning o the
pump, and restarted to the same state by launching in seed pulses without any
additional adjustment. Moreover, an isolated seed pulse is not necessary, as the
pulsed operation is stable in the presence of continuous seeding (we tried dierent
continuously-running pulsed lasers as seed sources, operating at 1 MHz and 40
MHz).
The oscillator generates 6-ps chirped pulses. The output spectra and autocor-
relation traces of the dechirped pulses for a range of pulse energies are shown in
Fig. 2.3. Here the output is taken from the output coupler directly before the
isolator, and the energy is modied by changing the pump power. As the en-
ergy increases, the spectrum broadens due to stronger SPM (Fig. 2.3 (a)), and
the dechirped duration decreases. We nd that, using only a grating compressor
(300 lines/mm), the dechirped pulses appear relatively clean without pedestals or
structure (Fig. 2.3 (b)). For the energy range shown, the dechirped pulse duration
is within 1.5 times the transform limit. This deviation can be accounted for by
the third-order dispersion in the grating compressor. We estimate that the 50-nJ
pulses accumulate a nonlinear phase of 60. This shows that the huge nonlinear
phase accumulation in the Mamyshev oscillator is well-controlled: it is converted
into a nearly-linear chirp. Eventually, higher-order phase that cannot be compen-
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sated by the grating pair becomes signicant and the minimum dechirped duration
grows despite increasing bandwidth (50-nJ trace). The 50-nJ pulses are limited
by the maximum available pump power; we do not observe multi-pulsing, which
commonly limits the pulse energy in mode-locked lasers.
Figure 2.3: Measurements of pulses from the ring Mamyshev oscillator. (a) Mea-
sured output spectra and (b) autocorrelations for the indicated output energies.
Figure 2.4: Pulse quality check. (a) Measured root-mean-square bandwidth after
propagation through 2-m of SMF (black) compared to simulation (red). (b) Radio
frequency spectrum with a resolution bandwidth of 30 Hz and a span range of 20
kHz. Noise oor is shown in red.
The pulse peak power is veried by launching the dechirped pulse into 2-m of
SMF with a 6 m core diameter (HI1060) and measuring the SPM-induced spectral
broadening. The measurements are compared with results of numerical simulations
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in Fig.2.4 (a)). In simulation, we launch a Gaussian pulse with the same energy
and transform-limited duration, and with the residual third-order dispersion from
the grating compressor, into a ber with the parameters of 2-m of HI1060. The
calculation accounts for ber dispersion up to the third order, SPM, and intrapulse
Raman scattering. The simulation reproduces the root-mean-square bandwidth
observed for the experimental pulses accurately, which indicates the high quality
of the output pulses.
The stability of the output pulse train was investigated using an RF spectrum
analyzer. The resolution and dynamic range of the spectra are instrument-limited,
but still conrm the stable mode locking and absence of sidebands and harmonic
frequencies to at least 80 dB below the fundamental frequency (Fig.2.4 (b)). This
is similar to the performance of mode-locked ber oscillators.
For the conditions described above, the oscillator does not start from noise.
Self-pulsation originating from amplied spontaneous emission (ASE) has been
predicted [18] and demonstrated in long cavities (km) with highly nonlinear bers
(HNLF) [19, 20]. Starting is favorable in these cavities owing to the narrow lter
separation, along with the possibility for sucient nonlinear phase accumulation
by even low-power uctuations in the long HNLF. We speculate that the recently-
described dissipative Faraday instability (DFI) can account for the self-starting in
this case, since the small separation between the lters overlaps with the DFI gain
spectrum [29, 30]. For broadband, high-energy pulses, the optimal lter separation
is much broader than the DFI gain spectrum. In this regime, self-starting was pro-
posed [24] and reported [31] by use of controlled feedback of amplied spontaneous
emission in the linear cavity, through a so-far unexplained mechanism. We have
recently conrmed self-starting operation of a linear cavity in our laboratory, at
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Pulse evolution Nonlinear phase Typical performance Best performance
Soliton [9]  0 0.1 nJ, 300 fs 0.5 nJ, 100 fs
Stretched pulses [10] 0 to  1 nJ, 100 fs up to 3 nJ, down to
50 fs
Passive similariton
[4]
2 - 10 6 nJ, 150 fs 15 nJ, 100 fs
Dissipative soliton
[5]
2 - 10 6 nJ, 150 fs up to 20 nJ, down
to 70 fs
Amplier similariton
[26]
4 - 10 3 nJ, 70 fs up to 8 nJ, 40 fs
Ti:sapphire [32] 0 to  30 nJ, 50-100 fs 200 nJ, 30 fs
Mamyshev oscillator >60
(in simulation:
>140)
experiment: 50 nJ,
40 fs (in simulation:
>190 nJ, <20 fs)
Table 2.1: Performance Summary of SMF-based Ytterbium-doped Fiber Oscilla-
tors for Dierent Pulse Evolutions.
power levels lower than reached by the ring cavity (see Supplement 1, section 2). As
will be discussed below, although the nature of the Mamyshev oscillator suggests
that it is incompatible with self-starting, these initial results provide optimism re-
garding the near-future realization of a fully self-starting, environmentally-stable
ber oscillator with the high performance demonstrated here.
2.3 Discussion
The performance of mode-locked lasers is fundamentally limited by nonlinear ef-
fects. Solitons and dispersion-managed solitons are stable for at most a round-trip
peak nonlinear phase shift of . Experiments showed the passive similariton, dis-
sipative soliton and amplier similariton can support <100 fs and >10 nJ pulses,
which corresponds to  10 nonlinear phase shift [33, 8]. Simulations of these
evolutions, assuming ideal saturable absorbers, indicate that higher performance
can be achieved with higher pump power. These high-energy pulses, i.e. larger
nonlinear phase shift, require a very high modulation-depth saturable absorber to
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suppress the CW background [33]. While NPE can be close to an ideal absorber,
there is still a signicant gap between simulations and experiments, and currently
 10 represents an approximate limit for experiments. This value is consistent
with the numerical prediction for dissipative soliton oscillators [33]. Table 2.1
summarizes the performance of representative Yb-doped mode-locked ber lasers.
(Actual pulse energies are scaled to the values that would be obtained with the
same core size (6 m).)
The Mamyshev oscillator overcomes these limitations. If the nonlinearity is
correctly managed, high energy, wave-breaking-free pulses with good phase prole
can be generated - apparently even well beyond the gain bandwidth limit. This
performance follows from the step-like saturable absorber realized by the combi-
nation of two lters and the ber. As pointed out by Pitois et al., the cascaded
frequency-broadening and oset ltering creates an eective transmission function
that is step-like, with zero transmittance at low power and an abrupt transition to
a constant value at high power [18]. This step-like saturable absorber means that
the mode-locking pumping rate is below the continuous wave lasing threshold, so
the Mamyshev oscillator only supports mode-locked operation. This eliminates the
nonlinearity limit from the saturable absorber [33], and so allows for much higher
energy. Already, the compressed pulse we obtain has a peak power roughly an
order-of-magnitude above previous results. The performance is comparable that
of the best commercial Ti:sapphire lasers, the current workhorses of ultrafast laser
applications (Table 2.1).
Of course, the step-like saturable absorber property creates a challenge for
starting a Mamyshev oscillator from noise. Despite this, two methods of start-
ing similar cavities have recently been demonstrated: pump modulation [25] and
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controlled feedback of amplied spontaneous emission [31]. Our own initial in-
vestigations conrm that the latter is, remarkably, a reliable and robust means of
circumventing the starting problem (see Supplement 1, section 2). While the pump
modulation scheme demonstrated by Samartsev et al. [25] is important, using a
coupled cavity to start the Mamyshev oscillator has the practical benet of being
completely passive. It is surprising that any starting technique can be successful,
because of the inevitable trade-o between starting and performance and the bias
here towards performance due to the step-like saturable absorber property. That
researchers have demonstrated such methods in similar cavities suggests that re-
lated techniques may be used for the ring cavity presented here. Future work will
be focused on developing such techniques.
Prospects for further optimization and scaling of the Mamyshev oscillator are
exciting. While simulations of ultrafast ber sources have systematically suggested
much higher performance than has been observed, we are more optimistic about
our extrapolations for the Mamyshev oscillator. The discrepancy between experi-
mental performance and anticipated results in conventional ber lasers likely fol-
lows from uncertain starting conditions and overly-optimistic saturable absorber
parameters. Starting the oscillator from a pulse systematically produces higher
performance than starting from noise [34]. In contrast, our observations in the
self-starting linear Mamyshev oscillator show that pulse-seeded and self-starting
performance are similar. Meanwhile, standard numerical techniques for modeling
ultrashort-pulse ber lasers neglect gain relaxation dynamics and use a restricted
temporal window. These fail to account for nanosecond laser spiking or other ef-
fects that may play an important role in starting, and ultimately the steady-state
performance. In the Mamyshev oscillator, CW lasing is completely suppressed:
the CW lasing threshold is much higher than the pulse threshold. Consequently, if
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achieved, starting should be more deterministic, and the maximal nonlinear phase
shift can be much higher than in a cavity where CW lasing needs to be constantly
suppressed.
The approach described here can be extended in several directions. Scaling from
the experimental results presented here, with large mode area (25 m diameter)
PM ber we expect that Mamyshev oscillators will reach the microjoule level.
Simulations also indicate that by changing the ber length, the oscillator repetition
rate can be tuned from hundreds of MHz to  1 MHz without sacricing the
performance (at lower repetition rates, additional dispersion compensation inside
of the cavity is required). This will allow it to be a useful tool for both scientic
and industrial applications. In addition, the linearly-chirped parabolic output
pulses are attractive for applications such as highly-coherent continuum sources
and optical signal processing, etc. [35]. High-performance Mamyshev oscillators
at other wavelengths can be expected. If normal-dispersion gain ber is available
(as is the case at 1550 nm, e.g.), the design could be very similar to that presented
here.
Given that it has taken more than a decade for the Mamyshev pulse generator
to gain serious consideration as an alternative to conventional mode-locked ber
lasers, it is worthwhile to reconsider broader impacts of this system. Numerous
works [22, 18] have explored optimization of the Mamyshev oscillator for signal
regeneration. The results presented here explore the system in connection and
contrast to mode-locked ber lasers. Much work remains to optimize oscillator de-
signs for this purpose. However, a crucial dierence between the Mamyshev oscil-
lator and a conventional mode-locked laser is that, in the Mamyshev oscillator, the
pulsed state is bistable with amplied spontaneous emission. This kind of bistabil-
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ity is also a key characteristic of systems supporting cavity solitons (where usually
the pulsed-state is bistable with the continuous-wave eld). Hence the Mamyshev
oscillator should be compared and contrasted not only with mode-locked lasers, but
also with systems that support cavity solitons, such as coherently-driven cavities,
which have lately been explored extensively for producing mode-locked frequency
combs [36, 37, 38, 39]. Two features of the pulse evolution we demonstrate here
are worth noting. First, the Mamyshev oscillator can produce a stable pulse train
even with extremely high roundtrip nonlinear phase shift and spectro-temporal
breathing. This suggests that in a suitably-designed device, an octave-spanning
frequency comb could be generated directly, possibly exceeding the bandwidth
and certainly the power of microresonator combs. Second, as in ber lasers, the
roundtrip gain and loss are much higher than in coherently-driven cavities. This
may allow more straightforward control over circulating pulses, at the point of
minimum pulse energy by, for example, an intracavity electro-optic modulator or
coupling to an external source of optical bits. Furthermore, following from the
possibility for extreme nonlinear phase and pulse evolution, much more elaborate
information processing schemes could be devised. Ultimately, these suggestions
are only speculative examples of the more important message. Many questions
remain about the Mamyshev oscillator, and its unique features suggest a wide va-
riety of uses and phenomena which, to date, have been under-explored compared
to conventional mode-locked laser cavities and coherently-driven high-Q optical
resonators.
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2.4 Conclusion
In conclusion, these results show that the Mamyshev oscillator allows a surpris-
ing and signicant leap in the ongoing central challenge of high-power ultrafast
ber lasers: the management of nonlinearity. This is due to the formation and
amplication of parabolic pulses and the step-like articial saturable absorber
formed by the Mamyshev regeneration mechanism. By making the continuous
wave lasing threshold above the threshold for mode-locking, the Mamyshev oscil-
lator supports stable mode-locking with huge nonlinear phase shifts. To harness
this nonlinearity for the generation of clean, high-energy ultrashort pulses, we
designed the oscillator to support parabolic pulse formation. Combined, these fac-
tors translate to unprecedented performance - our initial design already yields an
order-of-magnitude higher peak power than any previous ber oscillator with the
same core size. As prior work has shown, the Mamyshev oscillator supports an
environmentally-stable, ber-format design which can be self-starting, thus solv-
ing a major practical impediment to the widespread use of ultrashort-pulse ber
sources in applications. Taken together, these features should make Mamyshev
oscillator extremely attractive for applications in ultrafast science and technology.
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2.5 Supplementary 1
This document provides supplementary information to Megawatt peak power from
a Mamyshev oscillator. We show numerical results on maximum performance of
the experimental Mamsyshev oscillator design and discuss performance limits. We
provide numerical results that show the importance of a Gaussian lter prole
for obtaining high-quality, high-energy pulses. Finally, experiments on starting a
linear cavity are described.
2.5.1 Simulation result for the highest energy pulses
Fig. 2.5 shows the simulation result for the highest pulse energy output (190 nJ)
for the same cavity design as the experiment. The spectral breathing ratio is 26
(Fig. 2.5 (a)). Compared with the 50-nJ example, the pulse shape deviates more
from the parabola during the whole roundtrip (Fig. 2.5 (b)). The chirp of the pulse
is consequently not linear, and its deviation increases for higher pulse energy (Fig.
2.5 (c)). That said, the pulse is still coherent, and the 150-nm bandwidth (Fig.
2.5 (d)) corresponds to <20 fs transform-limited pulses, which could be obtained
with a pulse compressor that controls higher-order dispersion. On a logarithmic
scale, the spectrum shows the formation of a parasitic Raman peak (Fig. 2.5
(e)). Understanding these two factors - breakdown of the parabolic shape, and
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formation of Raman and how to manage them will determine the ultimate limits
of the Mamyshev oscillator.
2.5.2 Experiments on starting
To investigate the starting dynamics, we built a similar linear oscillator (Fig. 2.6
(a)). Two mirrors (M1 and M2), two bandpass lters (4-nm near super-Gaussian
interference lters biased to longer and shorter wavelengths with respect to the
gain spectrum) and the ber segments form the Mamyshev cavity. The rejected
beams from these lters are taken as the outputs. When seeded by short pulses
as described in the main text, the linear oscillator behaves like the ring, but the
maximum pulse energy is lower due to several practical problems. For example,
simulations show that output performance is limited compared to the ring due
to the super-Gaussian lter shape. Short-pulse generation can also be started by
placing a mirror (M3) at one of the outputs to direct the rejected light back into the
oscillator. This is consistent with previously reported work [31, 24]. Adding this
mirror creates two coupled cavities: the Mamyshev cavity with two spectral lters,
described above, and a cavity that can oscillate on a CW basis within the pass-
band of lter 1. The Mamyshev cavity only oscillates for high peak power and does
not support CW operation, while the opposite is true for the coupled CW cavity
formed by M1 and M3. With the feedback cavity coupled, we observe that a pulse
train in the Mamyshev typically starts after 10 seconds of operation. The spectra
recorded from the two outputs are shown in Fig. 2.6 (b), and are very similar to the
spectra produced with seed pulses. The spectrum from output 2 (13 nJ) is wider
than the spectrum from output 1 (6.5 nJ). The large bandwidth dierence between
the two outputs is a result of the lters not being symmetrically distant from the
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peak of the gain spectrum. The measured autocorrelation for the dechirped output
1 (using a grating pair compressor) and the corresponding transform-limited pulses
(125-fs duration) are shown in Fig. 2.6 (c). The close agreement implies that the
chirp of the pulses exiting the cavity must be nearly linear. In contrast, the pulse
from output 2 cannot be dechirped to the transform limit due to uncontrolled
nonlinear phase accumulation. This is likely a consequence of the non-Gaussian
lter prole.
By observing the cavity output prior to starting, we infer that self-starting in
the coupled linear cavity Mamyshev oscillator is the result of spectral broadening
of extreme lasing spikes that result from relaxation oscillations within the coupled
cavity. We observe bunches of nanosecond-duration pulses from output 1, whose
duration and  hundred-s temporal separation is consistent with relaxation os-
cillation in the CW cavity. These relaxation oscillations are only observed when
the loss of the CW cavity is suciently large; when M3 is optimally-aligned, self-
starting is not observed. When self-starting is observed, it is repeatable: if the
cavity is blocked and unblocked, pulsation returns within  10 seconds. We at-
tribute the self-starting to spectral broadening of the nanosecond-duration spikes.
For rare extreme-amplitude spikes, relatively broad initial bandwidth and nonlin-
ear spectral broadening are sucient for them to couple into the Mamyshev cavity
and initiate pulsation. Once the Mamyshev cavity has started, it is indenitely
stable in the continued presence of the coupled CW cavity, which is attractive for
practical applications.
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2.5.3 Eect of the lter shape
Using a Gaussian lter is evidently important for the peak performance and pulse
quality because of its smoothness. For the ring cavity, when we replace the Gaus-
sian lters (4-nm bandwidth) with super-Gaussian shape lters (4-nm bandwidth)
in the simulation, the highest achieved pulse energy is  40 nJ (Fig. 2.7), which
is much lower than the results using Gaussian lters (Fig. 2.5).
The simulations indicate that the use of lters that do not have Gaussian
transmittance bands reduces the stable pulse energy and yields structure on the
spectrum. Furthermore, the Gaussian lter's improvement of the output chirped
pulses' smooth parabolic shape, and the smoothness of the spectra, is an impor-
tant feature that should improve the pulses' use as a seed for low-distortion ber
ampliers. Fig. 2.8 and Fig. 2.9 show the dierence between the linear cavity out-
put using Gaussian lter and super-Gaussian lter with similar bandwidth (4nm
FWHM).
Component Length BW WL OC Aeff GVD TOD Loss SE
(meter) (nm) (nm) (m2) (fs2=mm) (fs3=mm) (nJ)
Filter 1 4 1040 30%
Coupling Loss 1 25%
Passive Fiber 0.8 37.8 22.2 63.8
Gain Fiber 1 2.5 40 1035 29 24.9 59 9.15
Passive Fiber 0.8 37.8 22.2 63.8
PBS 1 40%
Filter 2 4 1030 30%
Coupling Loss 2 25%
Passive Fiber 0.8 37.8 22.2 63.8
Gain Fiber 2 2.5 40 1035 29 24.9 59 36.6
Passive Fiber 0.8 37.8 22.2 63.8
Output 88%
Table 2.2: Parameters Used in the simulation. BW: bandwidth; WL: wavelegnth;
OC: output coupling; SE: saturation energy.
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Figure 2.5: Numerical simulation results for 190 nJ pulses. (a) Evolution of pulse
duration (blue) and RMS bandwidth (red), P: passive ber; G: gain ber; F: lter;
(b) evolution of mist parameter M, M2 =
R
(I   Ifit)2dt=
R
I2dt, which indicates
the dierence between the pulse shape (I) and its parabolic tting prole Ifit;
(c) temporal prole (black) with tted parabolic curve (red) and instantaneous
frequency across the chirped pulse (blue) and (d) (linear scale) and (e) (decibel
scale) of the simulated spectrum.
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Figure 2.6: Linear Mamyshev oscillator used to study self-starting. (a) Schematic
of the oscillator, (b) measured spectra of the outputs, and (c) transform limited
and measured autocorrelation for output 1.
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Figure 2.7: Simulated ring Mamyshev oscillator using super-Gaussian lters. The
pulse energy is 42 nJ. (a) Evolution of mist parameter M, (b) temporal prole
(black) and instantaneous frequency across the chirped pulse (blue) and (c) the
simulated spectrum.
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Figure 2.8: Simulated linear Mamyshev oscillator using Gaussian lters. (a) Evo-
lution of mist parameter, (b.1, b.2) temporal prole (black) with tted parabolic
curve (red) and instantaneous frequency across the chirped pulse (blue) and spec-
trum before output 1, (c.1, c.2) temporal prole (black) and instantaneous fre-
quency across the chirped pulse (blue) and spectrum from lter 1, (d.1, d.2) tem-
poral prole (black) with tted parabolic curve (red) and instantaneous frequency
across the chirped pulse (blue) and spectrum before output 2, (e.1, e.2) temporal
prole (black) and instantaneous frequency across the chirped pulse (blue) and
spectrum from lter 2.
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Figure 2.9: Simulated linear Mamyshev oscillator using super-Gaussian lters.
(a) Evolution of mist parameter, (b.1, b.2) temporal prole (black) with tted
parabolic curve (red) and instantaneous frequency across the chirped pulse (blue)
and spectrum before output 1, (c.1, c.2) temporal prole (black) and instantaneous
frequency across the chirped pulse (blue) and spectrum from lter 1, (d.1, d.2) tem-
poral prole (black) with tted parabolic curve (red) and instantaneous frequency
across the chirped pulse (blue) and spectrum before output 2, (e.1, e.2) temporal
prole (black) and instantaneous frequency across the chirped pulse (blue) and
spectrum from lter 2.
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CHAPTER 3
ROGUE WAVES IN A NORMAL-DISPERSION FIBER LASER1
Experimental evidence of rogue wave formation in a normal-dispersion ytter-
bium ber laser is reported. Spectral ltering is a primary component of pulse-
shaping in normal-dispersion lasers, and we nd that the choice of lter dramat-
ically inuences the distribution of noise-pulse energies produced by these lasers.
With an interference lter in the cavity, non-Gaussian distributions with pulses
as large as 6 times the signicant wave height are observed. These correspond to
pulse energies as high as  50 nJ. To our knowledge, the results presented are not
accounted for by existing theoretical models of rogue-wave formation.
3.1 Introduction
High-amplitude waves that occur unexpectedly and rarely, known as rogue waves
(RWs), were rst reported in the study of water waves [2, 3]. Solli et al. observed
extreme waves in supercontinuum generation, and referred to them as \optical
rogue waves" [4]. Optics provides a convenient platform for the study of RWs,
with its fast eld evolution and ease of parameter control. These systems include
linear light propagation in multimode ber [5], optically-injected semiconductor
lasers [6], supercontinuum generation [7], mode-locked Ti:sapphire lasers [8], and
ber lasers [9, 10, 11, 12], among others. Across this range of physical settings,
non-Gaussian distributions of wave amplitudes have been observed. A variety of
mechanisms have been proposed to account for RW formation. Perhaps the most-
developed theoretical understanding is in the context of nonlinear and dispersive
wave propagation. With a positive nonlinear index and anomalous dispersion,
1Much of the work presented in this chapter was published in Optics Letters [1].
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modulation instability and soliton and breather formation are thought to underlie
the formation of RWs [9, 13, 14].
Fiber lasers can be valuable for studies of nonlinear dynamics. Dierent operat-
ing regimes are identied by the net dispersion of the laser cavity. Pulses in lasers
with anomalous dispersion can be described approximately but quite well as soli-
tons of the conservative nonlinear Schrodinger equation. These pulses are allowed
to have dierent speeds, amplitudes and phases, which make strong interactions
between them possible. Soto-Crespo et al. numerically predicted and Lecaplain et
al. experimentally observed RWs in this type of oscillator. Chaotic collisions of
multiple pulses has been identied as the underlying mechanism in the formation
of RWs in soliton lasers [9, 10]. In lasers with net normal dispersion, dissipa-
tive processes contribute signicantly to pulse shaping; both amplitude and phase
modulations balance to create stable pulses. The simplest forms of modulation
instability, multisoliton collisions and breather excitations do not exist at normal
dispersion. Thus, it is interesting and important to determine if RWs can exist in
normal-dispersion lasers. Zaviyalov et al. observed RWs in numerical simulations
of a normal dispersion oscillator [12]. These authors showed that gain saturation
plays a crucial role in a nonlinear focusing process that produces the RWs. How-
ever, the gain saturation energy, as well as the saturable absorber parameters, in
the simulation are dicult to realize experimentally. Broderick et al. found that
the appearance of this type of RWs depends critically upon which numerical model
is used [15]. Runge et al. observed parasitic Raman-shifted pulses in an all-normal
dispersion laser operated to produce noise bursts. These Raman pulses, but not
the primary noise-like pulses, exhibited long-tailed pulse energy statistics [11]. It
is known that rogue statistics are observed in the unsaturated regime of stimulated
Raman scattering [16]. To date, experimental studies of normal-dispersion lasers
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have found no evidence of RWs in the primary pulse statistics [17, 18]. Thus,
experimental results have been consistent with the picture of RWs arising from
multiple-pulsing collisions in short-pulse lasers.
In this letter we report an investigation of pulse-energy distributions in an all-
normal dispersion ber laser that is designed to generate dissipative solitons (DSs)
[19]. With certain choices of lters in the cavity, non-Gaussian distributions of
noise bursts with a large fraction of extreme-energy pulses are observed. Measured
single-shot spectra conrm that these extreme-energy pulses have high peak power.
These RWs cannot be understood in terms of soliton formation, and in fact we are
not aware of any detailed theoretical explanation for them. The results therefore
challenge our understanding of RW formation in short-pulse propagation.
3.2 Experiments
980nm pump
0.8 m Yb doped fiber
Isolator PBS
1m SMF
4 2
3m SMF WDM
4
filter
Figure 3.1: Schematic of the all normal dispersion ber laser.
The laser used in our experiments is a unidirectional ring-cavity DS laser, as
shown in Fig.3.1. The ber section consists of 3 m of single-mode ber (SMF)
followed by 80 cm of Yb-doped gain ber and another 1 m of SMF. After traversing
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the ber set, light propagates through a lter and bulk components that implement
nonlinear polarization evolution (NPE) based saturable absorber, and then back
into the ber. The total dispersion is about 0.09 ps2, and the repetition rate is
35 MHz. Results obtained with birefringent lters (BRFs) and interference lters
(IFs) placed in the cavity alternatively will be described. The output is sent to a
45-GHz photodetector and recorded by a 25 GHz, 100 GSa/s oscilloscope, which
provides  40 ps temporal resolution. For all of the results described below, the
combination of the high-speed oscilloscope and long-range autocorrelator were used
to conrm that only a single pulse circulates in the cavity. Typically,  3 million
pulses are recorded to create a pulse-energy distribution. Single-shot spectra for
consecutive roundtrips of the laser cavity are measured by the dispersive Fourier-
transform technique. Pulses from the laser are stretched in 2.1 km of ber with
dispersion 2 = 20.1 ps
2 km-1. The spectral resolution is about 1 nm [20].
As a control experiment, we operated the laser in the DS regime, with a 13-nm
BRF in the cavity. With 300 mW pump power, the laser generates stable pulses
with 3-nJ energy and 170-fs dechirped duration. The pulse-energy distribution
reects small apparent uctuations that are an artifact of aliasing in the oscillo-
scope sampling process (Fig. 3.2(a)). Single-shot spectra recorded over 1000 cavity
traversals (Fig. 3.2(b)) are barely distinguishable and reect the sharp peaks at
the edges of the spectrum of DS lasers [19].
By tuning the waveplates and the orientation of the BRF, the laser can be
made to generate noise bursts [21]. When pumped with  750 mW, the output
power is  180 mW, for an average pulse energy of  5 nJ. The optical spec-
trum again exhibits the characteristic "cat-ear" peaks of a dissipative soliton but
is somewhat smoother and less-structured (Fig. 3.3(a)) than a mode-locked spec-
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(a) (b)
Figure 3.2: DS regime with 13-nm BRF: (a) pulse-energy histogram (log scale).
(b) 1000 consecutive single shot spectra.
trum. The pulse autocorrelation (not shown) exhibits a narrow coherence spike on
a background of duration  30 ps, with a contrast ratio of 2:1, which is expected
theoretically for a Gaussian random eld [22]. The energy and spectrum uctuate
signicantly, but nonetheless the pulse energy statistics (Fig. 3.3(b)) remain Gaus-
sian. The consecutive spectra (Fig. 3.3(c)) indicate the uctuations from burst to
burst.
BRFs with bandwidths of 8, 10, 12, and 13 nm yield numerous mode-locked
and noise-burst states, but the pulse-energy distribution is always Gaussian. How-
ever, replacement of the BRF with an IF with similar parameters causes dramatic
changes in the pulse-energy distribution, despite what appear to be minor dier-
ences between the lter characteristics in their main pass-band (Fig. 3.4). (An-
other dierence is that the interference lter only has one pass-band while the
transmittance of the BRF is periodic, with a free spectral range of 15 to 23 nm
depending on the transmission bandwidth.) Large uctuations in the noise-pulse
energy are readily apparent on the pulse train, and these can be used as real-time
feedback to enhance the frequency of the high-energy events by adjustments of the
waveplates and lter. In contrast to the RWs observed in anomalous-dispersion
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(c)
(b)(a)
Figure 3.3: Noise bursts observed with a 13-nm BRF in the laser: (a) Output
spectrum. (b) Pulse-energy histogram (log scale); vertical red bar is the RW
threshold (2.2 times the signicant wave height). (c) 4000 consecutive single-shot
spectra.
cavities, which correspond to energy redistribution between multiple picosecond
pulses within the nanosecond-duration bursts [10], here we observe uctuations in
the total burst energy from roundtrip to roundtrip. With a 10-nm IF, a long-tailed
pulse-energy distribution (Fig. 3.5(b)) is readily observed. About 0.1% of the
pulses exceed a standard denition of the RW threshold (2.2 times the signicant-
wave height), and the pulse energy reaches 6 to 7 times the signicant-wave height.
The fraction of rogue events in the distribution is somewhat higher than that in
experiments at anomalous dispersion [10]. The distribution is also remarkable in
terms of the actual pulse energies. The average noise-pulse energy is 5.3 nJ, and
the most extreme pulses reach more than 50 nJ.
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Figure 3.4: Comparison of two lter shapes. The dashed line is the tted parabolic
shape.
(a)
(c)
(b)
Figure 3.5: RWs observed with 10 nm IF: (a) Output spectrum. (b) Pulse-energy
histogram (log scale); vertical red bar is the RW threshold. (c) 1200 consecutive
single-shot spectra.
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The spectrum (Fig. 3.5(c)) exhibits much larger uctuations than the spectra
of ordinary noise bursts. By integrating each single-shot spectrum (the dispersive
temporal data), we can also capture the total energy of each shot (Parseval's
theorem). The corresponding normalized integrated energy is plotted in the right
panel of Fig. 3.5(c). For example, extreme events are observed at round trips
number 311 and 661. The single-shot spectra reveal some properties of the extreme
events. Fig. 3.6 is an expanded view of the spectra near the events shown in Fig.
3.5(c). We nd that the highest-energy pulses are always accompanied by Raman
peaks in the spectral domain (Fig. 3.6(a)). For pulses closer to the RW threshold,
however, the spectra are broadened with no observable Raman peaks (Fig. 3.6(b)).
The appearance of the Raman peak is consistent with a rough estimate of the
minimum peak power in the burst (10 kW). [23]
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Figure 3.6: Spectra around the extreme events: (a) event at roundtrip 311, (b)
event at roundtrip 661.
The autocorrelation trace for the conditions that generate RWs (Fig. 3.7)
exhibits dierences from the noise bursts obtained with the BRF in the cavity.
The reduced contrast ratio is an indication of the non-Gaussian nature of the
uctuations. The narrow central coherent peak sitting on a 7-ps pedestal indicates
73
that the RW pulses are  5-ps wave packets with irregular femtosecond structure,
which is  4 times shorter than the regular noise bursts (20 ps). The autocorrelator
with 100 ps delay range in combination with the fast detector conrm single-burst
operation in this regime.
Figure 3.7: Autocorrelation trace of RW state.
With an IF in the cavity, pulse-energy distributions with substantial occur-
rences of RWs are observed for lter bandwidths of 9 and 10 nm, center wave-
lengths between 1025 and 1035 nm, and pump power between 500 and 750 mW.
For pump powers below 500 mW, mode-locked pulses and noise bursts can be
generated with the IF, but no RWs are observed. Distributions observed with the
9-nm lter and two dierent pump powers are shown as examples in Fig. 3.8.
The peak transmittance of the IFs is much lower than that of BRFs. To address
whether the loss plays a major role in the generation of RWs, we replaced the IF
with a combination of BRF and neutral-density lter with the same loss. No RWs
are observed in that case, which implies that the shape of the lter passband is
the critical issue, not the overall transmittance.
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(a) (b)
Figure 3.8: RWs state pulse-energy histogram (log scale) with 9-nm IF for pump
powers (a) 600 mW, (b) 750 mW. The vertical red bars are RW thresholds.
.
3.3 Discussion
We attempted to model the experiments described above through simulations. Za-
viyalov et al. found that a temporal focusing process starting from a random eld
can produce extreme peak powers in a normal-dispersion laser operated at very
low pulse energy [12]. These numerical results suggest a possible mechanism for
RW formation, but it is not clear that it is pertinent to the experiments described
here. We observe stable DS solutions and noise bursts in simulations with pa-
rameters close to the experimental values, but we do not observe any RWs. This
is true for both a single-eld model and a model that solves coupled generalized
nonlinear Schrodinger equations to account for two polarizations and NPE. The
simulations include stimulated Raman scattering. Of course, we cannot reach a
conclusion based on failing to observe the RWs numerically. Work in this direction
will continue. A practical challenge is the desire to monitor many thousands of
cavity round trips for each of numerous wave-plate settings in the simulation.
In a DS oscillator, pulse formation is based on nonlinear gain and loss, disper-
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sion, and nonlinear phase accumulation. When these eects are balanced precisely,
the pulse parameters are rigidly determined by the cubic-quintic Ginzburg-Landau
equation (CQGLE) [19]. DS of the CQGLE have identical velocities and should
not interact. When the balance constraints are loosened, for example, by tuning
the waveplates to adjust the net gain, noise bursts (without the extreme events)
occur and we view these pulses as having greater freedom in their dynamics. The
best mode-locked performance is obtained with a BRF lter in a DS laser. The
sinusoidal characteristic of a BRF is a good approximation to the parabolic lter
assumed in the CQGLE (Fig. 3.4). With an IF in the cavity instead, the experi-
ment does not approximate the CQGLE as well, and we conjecture that uctuating
pulses may be more common in the resulting system.
3.4 Conclusion
To conclude, we have observed rogue statistics in the noise bursts from a
dissipative-soliton laser. With a lter that is not optimal for mode-locking, we
observe a large fraction of extremely-high energy pulses: the amplitude can be 6
times the signicant wave height, and in actual terms the energy can be 50 nJ.
The results challenge the current understanding of RW formation in dispersive
pulse propagation. We hope that the experimental results presented here motivate
further theoretical study.
Portions of this work were supported by the Oce of Naval Research under
grant N00014-13-1-0649 and National Natural Science Foundation of China under
grant No. 11374089. The authors thank Logan Wright for valuable discussions.
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CHAPTER 4
KERR SELF-CLEANING OF FEMTOSECOND-PULSED BEAMS
IN GRADED-INDEX MULTIMODE FIBER1
We observe a nonlinear spatial self-cleaning process for femtosecond pulses
in graded-index (GRIN) multimode ber (MMF). Pulses with  80 femtosecond
duration at 1030 nm are launched into GRIN MMF with 62.5 m core. The near-
eld beam prole at the output end of the ber evolves from a speckled pattern
to a centered, bell-shaped transverse structure with increasing pulse energy. The
experimental observations agree well with numerical simulations, which show that
the Kerr nonlinearity underlies the process. This self-cleaning process may nd
applications in ultrafast pulse generation and beam-combining.
4.1 Introduction
Single-mode optical bers (SMFs) provide a convenient environment for studies of
a wide range of nonlinear phenomena [2], and are the basis of technologies such as
optical communication systems [3] and mode-locked lasers [4, 5, 6]. Accordingly,
propagation of light in SMFs has been studied extensively. The capabilities of
communication systems [7] and short-pulse lasers [8] are reaching what appear to be
fundamental limits, so researchers have begun to consider the use of MMF in these
and other applications. MMFs oer larger mode areas, which reduces nonlinear
eects directly, along with new degrees of freedom for controlling optical elds. As
examples, principle-mode analysis, [9, 10], imaging through MMFs [11, 12], and
space-division multiplexing [13] currently generate substantial research activity.
1Much of the work presented in this chapter was published in Optics Letters [1].
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Although nonlinear eects in SMFs [2] and linear propagation in MMFs
[9, 10, 11, 12, 13] have been intensely investigated, it is only recently that non-
linear propagation in MMFs has attracted major interest [14, 15, 16, 17, 18]. In
the nonlinear regime, intermodal cross-phase modulation, four-wave mixing, and
stimulated Raman scattering can all play important roles, leading to complex
dynamics. MMFs allow studies of fundamental nonlinear phenomena such as mul-
timode soliton formation [17, 19], multimode dispersive waves [20], spatiotemporal
instabilities [21], and classical wave condensation [22], and may yield future im-
provements to high-power ber devices.
So-called beam cleanup eects in MMFs have been studied in the past two
decades. Stimulated Brillouin scattering (SBS) [23] and stimulated Raman scat-
tering (SRS) [24, 25] have been recognized as the mechanisms that underlie beam-
cleanup eects in their respective optical parameter regimes. In particular, Terry
et al. analyzed the overlap of dierent transverse modes with the pump to provide
an explanation of Raman beam cleanup in GRIN bers [25].
Additionally, beam-cleanup eects that do not arise from Raman or Brillouin
processes have been reported very recently. Krupa et al. studied propagation of
picosecond and nanosecond pulses in normal-dispersion GRIN ber and observed
clear beam cleanup with increasing power, which they attributed to the combi-
nation of index guiding and the nonlinear Kerr eect [26]. Here, we present ob-
servations of a similar beam cleanup in experiments performed with femtosecond-
duration pulses in the normal-dispersion regime. Short pulses with high peak
power (500-600 kW at the input) propagating in GRIN MMF self-organize spa-
tially from speckled patterns to a centered and bell-shaped beam prole as a result
of intermodal interactions mediated by the Kerr nonlinearity. The use of short
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pulses with peak powers that are high but still well below the critical power for
self-focusing, along with short bers, enables suppression of SBS and SRS beam-
cleanup eects. Near-eld beam proles and spatially- and spectrally-resolved
imaging [27] measurements are employed to characterize this phenomenon. The
results of coupled-mode theory simulations are consistent with experiments, and
show a transfer of energy from higher-order modes (HOMs) to the fundamen-
tal mode through the electronic Kerr nonlinearity. The results presented here
complement and extend those reported by Krupa et al. Although a complete
explanation is still needed, our experiments and modeling of the femtosecond-
pulse regime support indications that the eect is primarily spatial, driven by
the Kerr nonlinearity, and that SRS and random mode-coupling are of negligible
importance. Moreover, observation of nonlinear self-cleaning in another distinct
parameter regime supports a now-signicant body of work suggesting that non-
linear attraction towards low-order modes is a universal feature of propagation
in GRIN MMFs [25, 17, 16, 26, 28, 29]. Finally, beam-cleaning presents exciting
opportunities for practical ultrashort-pulse ber sources, which will be discussed.
4.2 Experimental results
In experiments, we launched 60-80 fs pulses (corresponding to a dispersion length of
LDS  7 cm ) at 1030 nm into 20 cm of GRIN ber with 0:275 NA and 62.5 m core
diameter (the ber supports  300 modes at 1030 nm). The calculated variation
in group delay across the modes used in our experiment and simulation is less than
 20 fs for this ber. A lens, polarizing beamsplitter, wave plates, and three-axis
translation stage are used to adjust the initial energy, modal excitation content,
and polarization. Multiple modes are excited by the use of an imperfect input
81
beam that is not matched to the fundamental mode, tilting the input wavefront,
and mode coupling caused by stress from a clamp that holds the ber in place. The
ber is laid straight and without any other stress, to mitigate inter-mode coupling
and losses through higher-order modes (HOMs) after the eld is launched. The
near-eld prole and the beam quality are measured at the output.
At low pulse energy (0.44 nJ), a speckled near-eld prole is observed (Fig. 4.1
(a)), and the output beam exhibits dierent interference patterns at dierent loca-
tions (Fig. 4.2 (a)). The beam quality parameter M2  2:3 provides an estimate
of the multimode content (We estimate that the fundamental mode content is typ-
ically  30%). As the energy increases to a maximum of 47 nJ (corresponding to
an averaged nonlinear length LNL  8 mm), energy ows toward the center of the
waveguide and forms a centered, bell-shaped beam prole (Fig. 4.1 (b)-(f)). M2
decreases to  1.8 (Fig. 4.2 (b)), and we estimate the fundamental mode content
is about 70 %.
The beam cleanup originates from the increase of fundamental mode content,
and is not a result of a particular interference pattern at the ber output. We
observe similar cleanup eects with a variety of dierent modal excitations and
polarizations. However, cleanup does not occur for arbitrary initial modal exci-
tations, even at the highest pulse energy we launched; it only happens when the
majority of energy is distributed in the lower-order modes, i.e., near the center
of the waveguide. In addition, we measured the beam prole at each wavelength,
which provides some insight into the cleanup behavior. For low-energy pulses, the
energy is distributed over a large area for dierent wavelengths (see Visualization
1). When the energy is higher, cleanup is observed more or less for all wavelengths
(see Visualization 2). Thus, this beam cleanup is not just the result of averaging
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speckle patterns over a broadband spectrum, and the beam is self-cleaned over
most of its spectrum.
(a) 0.44 nJ (b) 4.5 nJ (c) 15.8 nJ
(d) 22.9 nJ (e) 30.2 nJ (f) 46.6 nJ
Figure 4.1: Near-eld beam proles for dierent input pulse energies (Intensity in
linear scale. Scale bar: fundamental mode diameter of GRIN-625 MMF (13 m)).
Near-eld beam prole for each wavelength in linear and nonlinear regimes using
100 cm ber are shown in Visualization 1 and 2.
The spectra for dierent input energies are shown in Fig. 4.3 (a). There is an
approximately symmetric spectral broadening from self-phase modulation when
the pulse energy is below 25 nJ. At the highest energy, a slight asymmetry due
to SRS is present. However, cleanup is observable before this asymmetry appears
(Fig. 4.1 (c) and (d)). Furthermore, we do not observe strong, discrete SRS peaks,
which would indicate Raman-induced beam cleanup [30]. This is because dispersion
broadens the pulses quickly and most of the nonlinear phase is accumulated within
a short ber length ( 20 cm). The strong linear dispersion and 20 cm total
propagation length ensure that the threshold for SRS is not reached.
Pulse autocorrelations were measured with the whole output beam focused on
the detector [17]. The output pulse widths for dierent energies (Fig. 4.3 (b))
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(b)
(a)
Figure 4.2: Beam quality measurements for 0.44 nJ (a) and 46.6 nJ (b). The
inferred values of M2 are 2.3 and 1.8 respectively.
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agree well with the pulse broadening due to nonlinearity and chromatic dispersion.
The 8 : 1 contrast ratio shows that the output eld is temporally coherent. This is
further supported by the fact that the output pulses can be dechirped to equal or
below the input pulse duration, to as short as 34 fs when the input pulse energy
is 47 nJ. (Fig. 4.3 (c)).
1300 1150 1035 940 860
Wavelength (nm)
(a) (b) (c)46.6 nJ 46.6 nJ
15.8 nJ 15.8 nJ
4.5 nJ 4.5 nJ
Input pulse Input pulse
34 fs
37 fs
57 fs
84 fs
Figure 4.3: Spectral and temporal measurements of the output eld. (a) Spectra
corresponding to beam proles in Fig. 4.1. The input pulse spectrum is almost
the same as the 0.44 nJ curve. (b) Autocorrelation of the input pulse and output
pulse from the ber for dierent input pulse energies. (c) Autocorrelation of the
input pulse and dechirped output pulse from the ber.
4.3 Numerical simulation
To model the beam cleanup, we employ the generalized multimode nonlinear
Schrodinger equation (GMM-NLSE) [14]. The eigenmodes of the MMF are cou-
pled via the cubic nonlinearity. The nonlinear Kerr coecient used in all the
simulations is n2 = 2:3 10 20m2=W . SRS is turned o at rst by setting fR = 0.
For simplicity and to ensure reasonable computational time, we considered only
the rst 10 modes of the ber. This is a reasonable approximation to the exper-
iments, in which lower-order modes were excited. For the excitation we assume
equal energy in the lowest 5 modes, and only noise in the next 5 modes. A lim-
ited number of simulations with 30 modes produce similar results. In numerical
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simulations we launched 60-fs, Gaussian pulses into 100 cm of ber with the exper-
imental parameters. The simulated transverse spatial proles at 20 cm are given
in Fig. 4.4. The multi-lobed shape of the input beam (Fig. 4.4 (a)) is caused
by interference among the rst 5 modes. In linear propagation, dierent spatial
modes pick up dierent phases. The beam proles along the propagation direction
are speckled and vary substantially because of this (Fig. 4.4 (b)). When the in-
put pulse energy is increased to 38 nJ, as shown above, a considerable amount of
energy transfers to the fundamental mode in 20 cm (Fig. 4.4 (c)). After that, the
beam prole breathes with propagation but retains a bell-shaped structure without
appreciable speckles. In addition, speckled patterns are observed during the linear
propagation while centered and bell-shaped proles form in nonlinear propagation
for each wavelength. These results agree reasonably with the experiments using
20 cm and 100 cm bers.
(a)     Input (b)       Linear (c)    Nonlinear
Figure 4.4: Numerical results for spatial evolution. (a) Input beam; (b) 0.38 nJ
after 20 cm (see also Visualization 3); (c) 38 nJ after 20 cm (see also Visualization
4).
During nonlinear propagation, energy transfers from the launched modes into
the fundamental mode in less than 10 cm, and a steady state is reached after 
20 cm, with more than 40% of the energy in the fundamental mode (Fig. 4.5 (a)).
Moreover, the remaining energy is distributed roughly equally among the HOMs.
These resemble important features predicted for classical wave condensation [22].
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The overall energy transfer process is shown in Visualization 5.
The variation of fundamental mode content with input energy is shown in
Fig. 4.5 (b). We observe that there is strong energy transfer from HOMs to the
fundamental mode (LP01) as the input pulse energy increases (red curve in Fig. 4.5
(b)). In the linear propagation regime (pulse energy less than 1 nJ), there is almost
no nonlinear coupling and the energy in each mode maintains the launched value.
Therefore, the LP01 mode content remains at 20%. As the pulse energy increases,
more energy transfers from HOMs to the fundamental mode. About 45% of the
total energy is concentrated in the LP01 mode when the launched energy reaches
40 nJ . This is consistent with the observations in Fig. 4.1. Surprisingly, when SRS
is included in the simulation (black dashed curve in Fig. 4.5 (b)), the fundamental
mode content at each energy level is less than the result without SRS. This is
because SRS reduces Kerr nonlinear eects in the ber. However, it is not strong
enough to cause signicant SRS-induced beam cleanup.
(b)
0 20 40 60 80
0.2
0.3
0.4
0.5
Pulse energy (nJ)
(a)
Figure 4.5: Numerical results for modal energy evolution. (a) Evolution of the
modal energy distribution along the propagation distance for 60 fs, 38 nJ pulses
(see also Visualization 5). (b) Fundamental mode content at the output end of the
ber with SRS (black dots) and without SRS (red dots) for varying input energy.
The lines connect the points.
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Of particular interest is whether temporal eects exert strong inuence on the
cleanup behavior. We simulated the propagation for several input pulse durations
between 50 and 400 fs. In order to keep the accumulated nonlinear phase approx-
imately constant, we adjusted the pulse energy to maintain constant peak power
at the input of the ber. The fundamental mode content exhibits qualitatively the
same evolution along the propagation direction for all pulse durations in this range
(Fig. 4.6 (a)). In all of these examples, fundamental mode energies increase by
a factor of 2 and reach a steady state after propagating  20 cm. This indicates
that the cleanup is caused primarily by spatial nonlinear eects.
We repeated the simulations with SRS included, by setting fR = 0.18 in the
GMM-NLSE model. The LP01 mode content for dierent pulse durations are
shown in Fig. 4.6 (b). Comparing each curve in Fig. 4.6 (b) to its corresponding
curve in Fig. 4.6 (a), we can only observe small dierences. These results further
indicate that the Kerr eect, rather than SRS, is the origin of the beam cleanup.
Figure 4.6: LP01 mode energy evolution along the propagation direction for dif-
ferent pulse durations. The energy is normalized to the initial energy in the LP01
mode. (a) Evolution without SRS and (b) evolution with SRS.
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Ongoing simulations suggest that the origin of the self-cleaning is the nonlinear
instability of higher-order modes in GRIN ber. In the presence of strong nonlin-
earity, dierent modes exchange energy through four-wave mixing, and all modes
are unstable except for the fundamental mode [28]. Because of this, on average,
high-order modes transfer energy to the fundamental mode irreversibly. Although
this hypothesis is so far supported by simulations, further work is required for a
detailed physical understanding of the process, including the connection between
this cleanup and classical wave condensation.
4.4 Discussion
We now briey summarize the relation of the work presented here to that of
Krupa et al. [26]. The experimental studies were performed in dierent parameter
regimes: we employed femtosecond pulses and short bers (20 cm) with weak linear
coupling, while Krupa et al. used longer pulses (30 picoseconds and 1 nanosecond)
and longer bers ( 10 meters) with stronger linear coupling. The net nonlinear
phase accumulation for beam cleanup in our experiments ( ) is comparable to
that in Ref. [26] ( 2). As a minor point, we use dierent numerical methods:
we employed the GMM-NLSE while Krupa et al. used a full-eld model. Never-
theless, we reach similar conclusions regarding the origin of the eect in the Kerr
nonlinearity.
Finally, although potential applications of this eect are implied by earlier
work, this potential is most signicant for broadband and/or ultrashort pulses.
Therefore, our demonstration of Kerr beam cleanup with femtosecond, high-power
pulses is a critical step for these applications. Since the larger energy capacity of
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multimode bers may allow higher-power femtosecond lasers, it is interesting that
self-cleaning may provide a multimode-ber-compatible saturable absorber [31],
similar to the Kerr lens in solid-state systems. Self-cleaning in GRIN waveguides
may also facilitate or inspire approaches to passive beam combining. Finally,
maintaining spatial beam quality when performing multiphoton imaging through
MMFs is a critical concern. Therefore, the demonstration of ultrashort-pulsed
self-cleaning may lead to new approaches for endoscopic nonlinear imaging.
4.5 Conclusion
To conclude, we experimentally and numerically demonstrate self-induced, Raman-
free cleanup of femtosecond-pulsed beams in GRIN MMF. Nonlinear coupling of
modes causes the eld to evolve from a specked beam to a bell-shaped one domi-
nated by the fundamental mode. This work contributes to understanding of funda-
mental topics such as spatiotemporal multimode nonlinear systems, and perhaps
classical wave condensation. Furthermore, the results should be valuable for ap-
plications such as passive beam combining, saturable absorbers, high-power ber
lasers and ampliers, and multiphoton imaging.
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CHAPTER 5
FUTURE DIRECTIONS
5.1 Continue research of Mamyshev oscillator
The Mamyshev oscillator for generating high energy pulses is a new eld, and
a more systematic description of the pulse evolution physics in the Mamyshev
oscillator and the design guidance for dierent parameters (pulse durations and
energies) are needed to be studied. Here, I list a few examples.
5.1.1 Mamyshev oscillator at dierent wavelength
The Mamyshev oscillator mechanism can be applied to the other wavelength when-
ever normal dispersion ber is available. For example, simulations also show some
excellent performance can be reached at 1550 nm, using the similar experiment
setup as 1030 nm. The gain ber is Er20-4/125 (2 = 19fs
2=mm) and the passive
ber is Corning Vascade S1000 (2 = 47fs
2=mm). One simulation example shows
the pulse energy can be  45 nJ with linear chirp. However, its temporal shape
is not parabolic (Fig. 5.1 (a)). The transform-limited pulse duration is  30 fs
(Fig. 5.1 (b)). Using a gain ber with 2 = 47fs
2=mm (the gain ber with this
dispersion value is not available, and this example is used to show the importance
of the dispersion value. The closest available ber dispersion is 2 = 37fs
2=mm),
the output pulse shape can be much closer to parabola and the pulse energy is
higher. Fig. 5.1 (c, d) shows a  100 nJ example. We can see the pulse shape is
almost parabolic. With the increment of the ber dispersion, the pulse energy can
be even higher (>200 nJ). Thus, the ber dispersion is another signicant factor
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Figure 5.1: (a, b) Simulation results for a Mamyshev oscillator using Er20-4/125
as the gain ber. (c, d) Simulation results for a Mamyshev oscillator using a gain
ber with 2 = 47fs
2=mm.
to achieve higher pulse energy for Mamyshev. We can see that there are several
factors that can aect the Mamyshev oscillators performance. So more study on
the pulse evolution is needed.
5.1.2 Mamyshev oscillator at low repetition rate
Since the above oscillators repetition rate is too high for most of the applications,
a long cavity ( 1.8 MHz) is designed as Fig. 5.2. 100-m passive ber is used to
lower the repetition rate and a dispersion delay line (DDL) is used to compress
the highly-chirped pulse inside of the cavity. The mode-locking can be reached by
choosing the appropriate DDL value. The output bandwidth is  80 nm (Fig. 5.3
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Figure 5.2: Experimental setup for low repetition-rate Mamyshev oscillator. DDL:
dispersion delay line, which compensates 98-m ber GVD. Filters use 600 lines/mm
gratings.
Figure 5.3: The simulated output of the above long cavity Mamyshev oscillator:
(left) Spectrum, (middle) output pulse and its instantaneous frequency and (right)
transform limited pulse and dechirped pulse.
(left)) and the chirp is almost linear (Fig. 5.3 (middle)). The compressed pulse
(only GVD is compensated) is illustrated in Fig. 5.3 (right) and the peak power
is  85% of the transform-limited pulse, which demonstrates the good linearity of
the chirp. This setup can eliminate the need for pulse picking.
5.1.3 Self-Starting Mamyshev
How to start the high-performance ring Mamyshev oscillator is still an important
and interesting problem. Pump modulation has been demonstrated as a useful
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approach to start the all-ber ring Mamyshev cavity [1]. The pump was modulated
with pulse train (microsecond duration) at tens of kilohertz. The pulse trains
eventually evolve into the steady-state output pulses. So modulating the pump
light for a Mamyshev oscillator with the formation of parabolic pulses is a promising
experiment. This can be a signicant result because it can both solve the starting
problem and reach high performance output.
In addition, the self-starting oscillators without any auxiliary modulation have
been demonstrated for linear cavities [2, 3]. By building two coupled cavities: the
Mamyshev cavity with two spectral lters and a high-loss continuous-wave cavity,
the self-starting can be achieved. A future experiment which should be taken
into consideration is realizing the same idea in the ring Mamyshev cavity, which
generates better performance than the linear design.
5.2 Understanding rogue waves in normal dispersion ber
lasers
In numerical simulation, stable dissipative solition and noise bursts were found.
However, until now, the rogue-wave phenomenon in normal dispersion oscillator
cannot be observed. The current numerical model includes Kerr nonlinearity, dis-
persion, stimulated Raman scattering, ideal saturable absorber, and lter.
From the experimental results, we know the lter plays a signicant role. How-
ever, our simulation didn't include the phase prole of the lter. Therefore, the
next step should be measuring the shape and the phase prole of the lter accu-
rately and putting those measured values in the numerical model.
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5.3 Multimode ber oscillator
The pulse propagation in multimode bers is studied experimentally and numer-
ically in dierent dispersion regimes and signicant progress has been achieved.
In the future, devices based on multimode bers should be a promising direction.
Mode-locking mechanisms such as soliton, dissipative soliton, amplier similariton,
Mamyshev pulse shaping have been discovered in single-mode ber oscillators. So,
the next step of the study is nding all these solutions in multimode ber lasers.
The recent work on spatiotemporal mode-locking in multimode ber lasers [4]
proved mode-locking in multimode ber has a bright future.
5.4 Interesting topics
In this section, questions on several dierent research topics are listed. These
questions may or may not have a straightforward answers. More works are needed.
 Application of divided pulse technique: the incorporation of divided pulse
technique within existing methods for pulse generation can oer a signicant
improvement. For example, new frequency generation by SPM, soliton self-
frequency shift and four-wave mixing.
 Higher-order-mode mode-locking: By inserting a spatial light modulator into
the laser cavity as a spatial lter, researchers have already demonstrated the
on-demand selection of arbitrary laser modes (Fig. 5.4) [5]. Can this cavity
generate the on-demand mode-locked output if a saturable absorber such as
SESAM is placed in the cavity? Can we replace the Nd:YAG gain rod with
a multimode ber?
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(a) (b)
Figure 5.4: (a) Schematic of the digital laser concept showing the SLM, Brewster
window (BW), high reectivity (HR) mirror at an angle of 45 degree, Nd:YAG gain
medium pumped by an external laser diode (LD) source and the output coupler
(OC). (b) Higher-order LaguerreGaussian modes. An example range of modes
created with the digital laser. Figure reproduced from Ref. [5]
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APPENDIX A
APPENDIX A: MAMYSHEV REGENERATOR
The Mamyshev optical regenerator is an all-optical regenerator that relies on
self-phase modulation induced spectrum broadening and the following oset spec-
tral ltering. The schematic of a single-stage Mamyshev regenerator (MR) is shown
in Fig. A.1. It is composed of a ber amplier, a normal dispersion ber and a
bandpass lter (the center wavelength is o from the center wavelength of the
input pulse).
Gain
Input Amplifier Normal dispersion
          Fiber
Bandpass
    Filter
Output
Figure A.1: Schematic of the single-stage Mamyshev regenerator setup.
Figure A.2 illustrates the principle of single-stage MR. The high energy pulse
after the amplier owns the strongest peak power and the spectrum is broadened
signicantly, and only a small portion of energy can pass the lter (upper gure).
The low energy pulse, whose peak power is not high enough to broaden its spec-
trum, is completely blocked by the lter (middle gure). The spectrum of the
medium energy pulse is broadened moderately and a medium percent of energy is
able to transmit the lter (bottom gure).
Based on the similar principle, two-stages and multiple stages MR could be built
and their transfer function are shown in Fig. A.3. The cuto edge is becoming
sharper as the increment of the number of stages. When the stage number is
innite, the transmittance is a step-like function.
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Figure A.2: Working principle of Mamyshev regenerator.
Figure A.3: Normalized TF after a single-stage MR (circles), a double-stage MR
(gray solid curve), two regenerative blocks (dashed curve), and four double-stage
MRs (solid black curve). Figure is from Generation of localized pulses from in-
coherent wave in optical ber lines made of concatenated Mamyshev regenerators,
JOSA B 25, 1537-1547 (2008).
103
